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PREFACE. 

Electrical engixeerixg consists in the industrial appli- 
cation of magnetic and electricaJ jirinciplcs. The electrical 
engineer apphes science tu industrj' either by designing and 
constructing raachints and other dences for specific purposes, 
or hy selecting and arranging such apparatus tn produce definite 
commercial results with maximum efficiericj-. As electrical 
de^-ices are now in universal use ever>- engineer should be in 
a sense an electrical engineer. Electrical engineering, once 
possibly a separate profession, is no longer such, but is becom- 
ing more and more a component part of general mechanical 
engineering. 

Having defined electrical engineering as one of sj)j>Hcation, 
it is especially important that tlni 3tu(l«it in r-^jprbaching the 
subject should have personal lonowledpe of the things and 
phenomena involved before any r«!ii'i»f/'l-an he ascribed to 
them. Observation and memory- must &»pp'.y:itie' raw mate- 
rial from which deductions are to be niad'?. Vv'iL'must proceed 
from the familiar to the new and unknown. Hence the plan 
of this introductory work is to take the everj'-day experience 
of the student as the basis of a general survey of electrical 
applications. Every one rides on electric cars, uses telephones 
and electric lights, and in other wajs comes into more or less 
intimate contact with electrical phenomena. By combining 
with this experience the lessuns taught by scientific research, a 
clear conception of electrical laws shoidd result. These laws 
may then be used to explain the operation of the numerous 
devices used in electrical practice. 

The study based upon this course is intended to lay a foun- 
dation for further analytical work by those who desire it. In 
combination with practical experience or with laboratory 
e.xercise.s it should he sufficient to enable the student to intelli- 
gently select, install, and operate electrical machinery. 
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SYMBOLS USED IN ELECTRICAL 

LITERATURE. 

B density of magnetic flux or induction. 

C electrostatic capacity. 

e. m. f . . . electromotive force in volts. 

E e. m. f., effective value. 

c e. m. f., instantaneous value. 

F mechanical force. 

/ frequency in cycles per second. 

H magnetomotive force in gilberts per cm. 

/ current in amperes, effective value. 

i current, instantaneous value. 

j V — I. 

L inductance in henrvs. 

m. m. f. . . magnetomotive force. 

fx magnetic permeability. 

P. ... electric power. 

4> total magnetic induction or flux. 

Q quantity of electricity. 

r, R , . . . electric resistance. 

]'t magnetic reluctance. 

/ time in seconds. 

(^ angle of phase difference. 

ir electric encrg\' or work. 

X reactance. 

z impedance. 



INTRODUCTION. 

The electric current must be accepted as a fact in nature, 
just as gravitation or inertia, and it can only be studied throu^ 
its manifestations. In approaching the subject of electrical 
engineering it is necessan' for the student to recall and to 
systematize his previous knowledge of the uses to which the 
current is applied in modem life. It is assumed that he is 
to some extent familiar with these applications even if the 
familiarity be only that of a casual observer. To assist him 
in this review the principal fields of application are here 
mentioned and briefly iUustrated. The order of arrange- 
ment is from the standpoint of engineering importance and is 
merely suggestive. The fmancial or the economic standpoint 
might dictate a different order. 

Synopsis of Applications of the Electric Current. 

1. Distribution of mechanical power. 

2. Production of light. 

3. Electrolysis. 

4. Transmission of intelligence. 

5. Production of heat. 

1. Distribution of Mechanical Power. 

Electric current is used to transmit power from the power 
station to the points at which it is required. In the station are 
located prime movers, such as gas engines, steam engines, or 
water wheels, connected to electric generators wliich are 
machines designed to convert mechanical into electrical 
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power. At the receiving end of the transmission line or 
circuit, the mechanical power, less the necessary losses in 
transmission, is reproduced in electric motors. For the 
present it is not necessary to discuss the principles involved 
in the transformation of mechanical into electrical power and 
back again into mechanical power. The important fact is 
that mechanical power is furnished by the prime movers and 
is reproduced in the motors, having been transmitted by the 




I. Trolley car climbing grade, showing a familiar i 
mechanical power transmission through the electric ci 



electric current through the circuit. While it is true that 
power can be transmitted by means other than electrical, 
none of these can compete over considerable distances. It is 
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Pig. a. Map of the transmisskm lints of ihc Ontario P.mcr Company 
illustrating the case of transmission of power t>y eloctrical means 
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interesting to note that power is being transmitted electrically 
a distance of two hundred miles or more. 

Examples of Power Transmission. A trolley car climbing 
a grade furnishes a concrete illustration of mechanical power 
transmission. The power station furnishes current throu^ 
the feeders and trollej^ wire and the rail return. In the motors 
which are mounted upon the car axles, the electric power is 
changed into mechanical form and drives the car against 
friction and grade resistances. The electric circuit, which 
includes the generator, line, and motors, acts merelj' as a con- 
necting link between the engines and the dri\ing gear of 
the car. 

Another striking illustration of power distribution is fur- 
nished bj^ the lines radiating from Niagara Falls. Five great 
power plants transform several hundred thousand horse- 
power. Part of this is used in the vicinity, but a large part 
is transmitted to Toronto, Lockport, Buffalo, Rochester, 
Svracuse, and other cities within a radius of two hundred 
miles, and the range is constantly extending. The electric 
power is used for any purpose that could be accomplished by 
power plants located at the points of demand. 

2. Production of Light. 

\Mien electric current is forced through a circuit, heat is 
generated, and the amount produced dei)ends upon the nature 
of material and upon its dimensions. It is evidently more 
difficult to pass a current through a long conductor of small 
cross-sectional area than through a short one of large area. 
In other words, the smaller conductor offers more resistance 
to the passage of the current than the large one. When the 
amount of heat generated in any part of a circuit is sufficiently 
great light is given off. This light is of two kinds, which are 
given the names incandescence and luminescence. 
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Incamdescence is due to the high temperature of the substance, 
and the intensity has a delinite and well-known relation to 
the temperature without regard to the substance heated. 

Luminescence^ sometimes called " cold hght.' while depend- 
ing somewhat upon the temperature, also involves a property 
possessed by some materials of generating light waves in 
greater quantity than can be accounted for by incandescence. 
This process is frequently named sclcciiz^ rc-^i^ii<m. 

The most common examples of incandescent light are fur- 
nished by the incandescent and the plain carbon arc lamps. 
In the former a filament c«f carbon or metal is heated in vacuum 



\ 







Fig. 3. A carbon fi ■ ardent incandescent lamp in which electrical power 

is change«i into heat and hght. 

by the current to a temperature of several thousand degrees 
centigrade. This temperature is carried as high as the mate- 
rial will allow, but it must always be kept far below the boiling 
point of the filament in order to minimize the gradual distil- 
lation of the material. In the arc lamps the current flows 
between two carbon points separated by a short distance 
(one-eighth to three-eighth inch) and connected by a stream 
of carbon vapor. Tlie current in overcoming the resistance 
offered by the vapor path or arc heats the carbon tips to 
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Buch a temperature that they become incandescent. In pro- 
ducing the vapor which forms the arc the carbon boils. As car- 




View and diagram of the carbon arc lamp in which light i 
produced by the heat generated in the arc. 



bon is practically the most refractory of conductors, the arc 
temperature is the highest which can be produced. A sl^t 
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amount of light also comes from the arc, but this is small 
compared with that thrown out from the tips. 

Luminescent light sources are now attracting attention, 
and maj' in time displace the other forms. As a rule, they 




Air 



Fig. 5. Vacuum tube lamp, which gives out light at low temperature 

ap.d with small luminous imensity. 

produce light more efficiently than the ordinarj- arc and in- 
candescent lamps. An excellent non-electrical illustration of 
the principle is found in the Welsbach gas mantle. This 
mantle is composed of tlioriuni c^xide. which when heated 
to a comparatively low temperature gives off Hght. AnuMig 
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electrical lamps involving selective radiation the principal 
examples now coming into use are the vacuum tube, the mer- 
cury vapor tube, and the flaming arc. The first of these con- 
sists of a long tube, exhausted to a low pressure. The current 
passing through the rarefied gases produces a soft, white light. 





Fig. 6. ^lerciiry va[)nr liim]\ in which a prcenish light is produced by 
an arc maintained ihrouj^h mercury vapor. 



The mercury arc is produced in a tul)e of moderate length 
exliausted to a low pressure. The heat i)roduced by the 
current maintains a supply of vapor from a reservoir of metallic 
mercury connected to the tube, and the vapor forms a conduct- 
ing path for the current. The mercury arc gives off a greenish 
light at a liigh efficiency. The flaminfz: arc lamp produces the 
most highly efficient light now known, by means of substances 
added to the carbons, calcium being one of the best materials 
for this purpose. The calcium particles are maintained by the 
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arc at such a temp>erature as to render then> higJily luminous. 
The arc then becomes the source of light rather than the car- 
bon tips as in the ordinar>' carbon arc. Tlie carbc^n furnishes 
the vaix>r which acts as a carrier for the luminous 
substance. 

3. Electrolysis. 

Electrolysis is the name given to chemical decomposition 
produced by the electric current. Wlicn a current is passed 
through a salt in solution or through fused salt, between con- 
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Fig. 7. Gas generator, in which the current dcconnx^ses wator into 
oxygen and hydrogen at the two clecirodcs. 



ducting teniiinals or electrodes inuuersed in the liquid, or 
electroh-te, decomposition of the salt usually occjirs. There 
is a breaking up of the chemical compounds and a reconil)in- 
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ation of the elements. The decomposition is apparent in one 
or more of the following ways: 

(a) Resolution of the liquid into gaseous compounds. 

(6) Decomposition of the base of the salt in solution. 

(c) Chemical changes in the electrodes. 
As an example of the production of gases from a liquid take 
the case of the oxj--hydrogen generator. Two jars are ' in- 
verted in a tank containing a sulphuric acid solution. Inside 




. Refining tank for copper, which is deposited by the cunent 

from a. copper sulphate solution. 



the jars are platinum or lead electrodes between which the 
current flows. Tlie decomposition of the solution results in 
the liberation of oxygen at the positive plate or anode throu^ 
which the current enters, and hydrogen at the negative plate 
or cathode. From the jars the gases arc piped to storage 
tanks or gas holders. 

In electrolj-tic refining of copper occurs an excellent illus- 
tration of the decomposition of the base of a salt. The copper 
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to be refined is first cast into slabs which are suspended in 
a copper sulphate solution. In the same tanks are thin sheets 
of copper which form the negative plates and upon which is 
deposited the copper dissolved by the current from the anode 
slabs. This method of refining produces practically pure 
copper. 

Tlie storage battery is the most important application to 
engineering practice of the clectroljtic changes in electrodes. 




Fia. 9. Storage cell, in which energy is stored in chemical form through 
oxidation and reduction of lead electrically. 

In the ordinary lead type of cell with sulphuric acid solution 
as electrolyte, the energy supplied by the current in electrical 
form reduces the active material on the negative plates to 
spongy lead and oxidizes that on the positive plates to lead 
peroxide. The energy thus stored may be partially recovered 
by connecting the positive and negative terminals of the cell 
through an electric circuit. 
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4* Transmission of Intelligence. 

The electric current furnishes the only convenient means 
for transmitting speech or signals to a considerable distance. 
This is accomplished by varying the duration of the current 
as in the telegraph, or by varying the intensity of the current 
as in the telephone. A simple telegraph circuit comprises a 




Fig. io. Simple telegraph circuit showing, R. relay ; K, key; Sw. 
switch ; C, contact ; Bl., line battery ; Bs.. local battery ; S, sounder. 



battery, sounder, and key, all connected in series. The key 
closes the circuit for long and short intervals, known as 
" dashes " and " dots," and combinations of these signals 
represent the letters of the alphabet. The sounder com- 
prises a small electro-magnet which attracts a plate of iron, 
or armature, when energized by the current. The armature 
is carried by a lever pivoted at one end. The free end of 
the lever plaj-s between upper and lower limit stops, produc- 
ing two characteristic sounds. The intervals between the two 
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sounds indicate the duration of current in the magnet coils. 
In the simple telephone circuit there are the transmitter, tlie 
battery, and the receiver. The transmitter comprises a dia- 
phragm against which the speaker talks. Connected to the 
diaphragm is a carbon contact, the pressure upon which is 
varied by the vibration of the disk under the action of the 
sound waves. The variable pressure upon the carbon con- 
tact varies the electrical resistance and therefore the amount 
of current in the circuit. The receiver contains an iron dia- 
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Fig. II. Simple telephone circuit showinR T, transmitter ; A. B, 
line wires ; C, condenser ; M, ringer ; P, S, transformer or induction 
coils ; H, switch ; R, receiver. 



phragm placed near the end of an electro-magnet. The coil 
of this magnet carries the varj'ing current from the trans- 
mitter, and the current reproduces the sound waves, 
impressed upon the transmitter, bj'^ attracting the receiver 
diaphragm with varj'ing force. When applied to the rccjuire- 
ments of actual business numerous other devices arc neces- 
sarily used in connection with those described, but the essential 
principles are the same. 
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5. Production of Heat. 

The production of heat has already been referred to in con- 
nection with light, but there are other applications of electrically 
produced heat, such as cooking, car warming, etc., which 




Fig. ij. Electric car heater, used f<ir car warming, producing heat by 

the (low of current through a high resistance, 

are finding an increasing field of usefulness. Electrical 
heating devices are of simple construction, consisting merely 
of a wire of high resistance surrounded with insulating material 
and imbedded in the body to be heated. This method of 
heating is ^erj- efficient as all of the electrical energy is turned 




FiQ. 13. Carborundum furnace, an important application of electric 
hi-atiiig. Shows the arrangement of coke and sawdust core. 

into heat. Such applications of electrical heating as have been 
described are of trifling importance as compared with those 



INTRODUCTION. 15 

found in electro-metallurgy. By means of the electric arc and 
the passage of current through high resistance paths in masses 
of material to be heated it is possible to produce reactions not 
otherwise practicable. For example, the abrasive material 
known as "carborundum" is produced by heating a mass of 
carbon and sawdust to high temperature with the current. 
Artificial graphite is similarly produced, and new discoveries 
in this line are being constantly made. Aluminum reduction, 
while essentially an electrolytic process, involves the use of 
electric heating. The aluminum oxide which is reduced by 
electrolytic action is carried in a mass of fused crj-olite which 
•is maintained in a fluid condition by the heat produced by 
the current. 

Summary. 

In the preceding paragraphs a general survey of the uses 
of electricity in every-day life has been given with a view to 
preparing the way for a more detailed study. As these appli- 
cations are viewed as a whole, one important fact stands out 
above all others. This is that every use to which electricity 
is put involves a transformation of energy. In the first illus- 
tration it is from mechanical to electrical fonn and back again. 
In producing light the energy is largely lost in heat, but inci- 
dentally some light energy is generated. In electrolysis the 
energy takes the chemical form from which it can be restored 
to mechanical energy in many cases. The transmission of 
intelligence involves the transfonnation to sound energj' 
in the instances which have been cited, althougli, as in the 
case of light, only a small proportion is so transformed. 
Finally, in heat generation all of the electrical energy disap- 
pears as such and reappears in thermal fonn from which it 
can be recovered only by a roundabout and inefficient process. 
All of this goes to show that the electric current offers a con- 
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venient means for IransmiUing and tranjorming energy, a 
nothing else. The study of electrical engineering, therefo 
is that of the means used for economically producing thi 
transformations. It is essential that the student have t 
fact continually before him, and that all so-called generate 
motors, etc., be viewed merely as energy transformers. Enei 
caimot be " generated"; it can only be transformed. 
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l8 ELECTRICAL ENGINEERING. 

A survey of the history of the development of electrical 
engineermg shows that it consists roughly of three periods.* 
The first comprises the time up to the beginning of the seven- 
teenth century, and may be termed the period of mystery, from 
the attitude of the people toward the few known phenomena. 
Between the years 1600 and 1830 was a period of scientific 
preparation for the period of commercial development which 
continues to the present time. 

Period of Mystery. 

The fact that amber when rubbed attracts light objects 
has been known for at least two thousand years. No par- 
ticular scientific use was made of this knowledge until the 
beginning of the seventeenth century. The name elektron, 
from which our word electricity is derived, was given to the 
attractive property of amber by the ancient Greeks. The 
name indicates the yellow color of the substance which 
reminded them of the sun. -The property of attracting iron 
bodies possessed by an iron ore, lodestone, was also a matter 
of common knowledge in very ancient times. It is supposed 
that the words magnet and magnetite were applied to the 
lodestone on account of the name of the province of Mag- 
nesia in Asia Minor, in which large quantities of the ore were 
discovered. 

The two fundamental phenomena of electric and magnetic 
attraction underlie our present knowledge of electricity and 
magnetism. No connection between these two was suspected 

* References: Priestley, History and Present (1769) Status of Elec- 
tricity; Faraday, Experimental Researches in Electricity and Magnetism; 
Gilbert, de Magnete, Lodestone and Magnetic Bodies, translated by 
Mottelay; Arago, Papers before French Academy of Science; Barlow, 
Magnetic Attractions; Benjamin, Age of Electricity, Intellectual Rise in 
Electricity; Mendenhall, Century of Electricity- 
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until each had led to much successfid research. The connec- 
tion, although suspected for some time, was not experimentally 
established tmtil 1820. The only practical use made of either 
of these attractions up to 1752, the date of the invention of the 
lightning rod, was the mariner's compass, the history of the 
origin of which is obscure. It appears not to have been 
invented at any particular time or place, but was undoubtedly 
known to several ancient peoples. Its first appearance in 
Europe is placed in the thirteenth century, and from that time 
on it was in general use on shipboard in a very crude form. 
During the period of mystery there was unlimited speculation 
regarding the relation of electrical and magnetic attractions. 
There was, however, little experimental basis for the theories 
advanced. 

Period of Scientific Preparation. 

The scientific period began with Dr. Wm. Gilbert (London,* 
I540*-l6o3, advisory physician to Queen Elizabeth), who 
absorbed the knowledge of his time, corrected and verified 
previous hypotheses, and placed the study of electricity and 
magnetism upon a sound scientific basis. His chief writing, 
" de Magnete," published in 1600, contains the results of 
laborious and expensive research. It was the cause of further 
study by numerous other philosophers who discovered one by 
one the fundamental electrical and magnetic laws. Gilbert 
disproved a number of fallacies intended to explain electric 
and magnetic attraction, and he demonstrated that many sub- 
stances beside amber may be electrified by rubbing. He 
studied the nature of magnetic poles and gave a rational 
explanation of their properties. 

* The places mentioned in connection with the names of prominent 
scientists and engineers are those in which their important work was 
accomplished; the dates are of births and deaths. 
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Generation and Conduction of Electricity. Gilbert's 
studies did not immediately bear fruit, but as an 
indirect result the electric machine was invented in 1672 by 
Otto von Guernke (Magdeburg 1602 1686) the mventor of 
the air pump and other useful pieces of apparatus His elec- 
trical machine consisted of t sulphur globe rubbed b^ hand 




Fio, 14. Smith forging iron in 
"lie Magnete 



magnetic meridian. From Gilbert's 
" published 1600. 



ments 



to electrify it. In 1675 Sir Isaac Newlon (Christmas Day, 
1642 — March 20, 1727) improved the machine by substituting 
glass for sulphur, thus producing in principle the electrical 
machine of to-day. Up to the time of von Guericke and 
Newton the attractive property was supposed to be confined 
to the rubbed substances. The former discovered that it 
could be conducted along a thread. Unfortunatel.v his experi- 
ments in conduction were forgotten, and the possibility of 
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transmitting electricity was not rediscovered until 1729. 
At this time Stephen Gray (London, date of birth unknown, 
died 1736) foimd that an ivory ball possessed the ability to 
attract light bodies when connected with an electric machine 
by a thread. Incidentally he also discovered the ability of 
silk to insulate the conducting thread. 

Gray's work furnished the inspiration for more scientific 
research by Charles F, Du Fay (Paris, 1 698-1739). In 
1733 he made a long series of observations in the line of Gray's 
experiments. As a result he was able to separate materials 
into two general classes, conductors and non-conductors. lie 
also improved upon Gray's silk insulator by making solid 
ones of glass and wax. He constructed a transmission line of 
some length through which the influence of the electrical 
machine was conducted. Du Fay made the astounding dis- 
covery that while some substances when rubbed attract light 
bodies the latter are repelled by other substances similarly 
treated. He, therefore, assumed that there were two kinds 
of electricity. 

Storage of Electricity. The possibility of generating 
electricity readily by means of Newton's machine and, 
through the discoveries of Gray and Du Fay, conducting 
it, led to the popularizing of electrical experiments. 
While making some such experiments about the year 
1745, Peter van Musschcnbroeck (Lej^dcn, 1692-1760) 
found that electricity could be stored in a bottle. His first 
electric bottle consisted of a glass jar filled with water and 
held in the hand. A wire passed through the cork, the lower 
end being immersed in the water. The jar was charged by 
applying the outer end of the wire to the terminal of an elec- 
tric machine. Thus charged the jar could be carried about 
and would hold its electricity for some time The water and 
the hand were soon replaced by metallic coatings inside and 
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out of the bottle, resulting in the form of Leyden jar in use at 
the present time. It should be noted that some years before 
this important invention, the possibility of inducing electric 
charges on bodies was known, in fact most of the popular 
experiments were in this direction. It did not occur to any- 
one, however, that the electrical charge could be stored in a 
body electrically independent of the source of the charge. 

The invention of the electric bottle stimulated popular 
interest, and soon after the experiment was repeated in several 
countries. Some of the apparatus was sent to Benjamin 
Franklin (Philadelphia, Pa., 1706-1790), in 1747, by a London 
correspondent. The philosopher immediately began experi- 
menting with the bottle and theorizing regarding it. As a 
result he announced the theory that there was but one kind 
of electricity, its absence producing one effect and its presence 
another. Franklin's studies with the electric bottle con- 
vinced him of the identity of lightning and electricity, which 
he was able to prove experimentally in 1752. Thus the light- 
ning rod was invented, the first commercial application of 
electrical principles. Electricity had been used in the treat- 
ment of disease before this time, but not in a scientific manner 
and with very dubious results. 

Exact Scientific Work. Up to the middle of the eighteenth 
century numerous experimental data had been collected and 
were available for the production of mathematical and physical 
theories of electricity and for precise measurements. The latter 
were used as checks upon the theory, and at the same time they 
furnished the raw material for further analj'sis. Among those 
who made such studies were Henry Cavendish (London, 1731- 
tSio) and Cliartes A. Coulomb (as military engineer was loca- 
ted in various parts of France, 1736-1806). Cavendish studied 
the relative electrical conductivity of various substances 
and also the chemical effects produced by electricity, Coulomb 
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devoted attention particularly to the attraction of charged 
bodies and deduced the law which is now known by his name. 
Current Electricity and its Effects. Dr. Luigi Galvani 
(Bologna, 1737-1798) was also much interested in electri- 
cal experiments. He had occasion to dissect some frogs' 
legs, and these were accidentally brought into contact with 
two dissimilar metals. The twitching of the frogs' legs sug- 
gested to Dr. Galvani that he had discovered a source of 




Fig. is- Voita's electric pile and the "frog-leg" experiment of Galva 
repeated bv its use. 



electricity in the animal matter. His discovery attraitcd 
the attention of Prof. Alessandro Volta (Pavia, Italy, 1745- 
1827), who disagreed with Galvani as to the source of the 
electricity, and believed that it came from tlie contact of 
two dissimilar metals. To prove this conclusi\-ely he con- 
structed a pile of pairs of disks of dissimilar metals, each 
pair separated from the ne.xt by moistened paper. The 
apparatus, the forerunner of the primary cell, was known as 
the Volta pile. Voita's discovery placed at the disposal of 
experimenters a source of electricity much more convenient 
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than the electrical machine of the time, and it gave more stim- 
ulus to study and experiment. One of those to make the first 
use of Volta's discovery was Sir Humphry Davy (Bristol and 
London, Eng., 1778-1829). In 1802 with the aid of a large 
number of voltaic cells he was able to heat a platinum wre 
to whiteness and to produce an arc between two carbon points. 
This invention of the electric light indicated the practical 
possibilities of the rapidly developing science. In 1807 Davy 
also produced chemical decomposition by means of the current. 

Electro-Magnetism and Magneto-Electricity. Up to the 

beginning of the nineteenth century electrical knowledge had 
developed to such an extent that practical applications 
were beginning to result. Some slight use had also been made 
of magnetism, but the relation of these to each other was only 
suspected. In 1819 and 1820, Prof. Hans Christian Oersted 
(Copenhagen, 1777-1851) discovered that there was an actual 
connection between magnetism and the electric current. 
While performing some experiments before his class he placed 
a wire carrying a current in the neighborhood of a magnetic 
needle and noticed that the latter was deflected. When the 
news of this experiment reached Andri-Marie Amphre (Lyons, 
France, 1775-1836) he at once perceived the importance of the 
discovery and devoted himself to the verification of Oersted's 
statements and to developing a theory to explain them. In 
the short space of one week he performed this feat and gave a 
rational treatment of the relation of the magnetic field to the 
electric current. In the same year Dominique- Fratifois Arago 
(Paris, 1786-1852) discovered that magnetism could be pro- 
duced in other bodies by the current. This was a step in 
advance of Oersted. In 1825 he performed an experiment 
in which a metal disS was revolved before a magnet. He 
found that the magnet tended to follow the disk. Arago's 
experiments appealed particularly to a young man who at this 
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time was assistant to Sir Humphry Davy. Michael Faraday 

(London, 1791-1867) was much interested in the electrical 

work going on in Davy's laboratory. In pondering the cause 

of the reaction produced between the disk and the magnet in 

Arago's experiment he conceived the idea that electricity was 

induced in the disk by its motion near the magnet. Between 

1825 and 1831 he made many experiments to prove this, and 

by the latter year had systematized 

the knowledge of this subject in a 

remarkable manner. The important 

facts discovered by Faraday were as 

follows: "When an electric current 

is passed through one of two parallel 

wires, it causes at first a current in 

the opposite direction in the other; ^'^- '^- ^^"^ ^"^ ^^''^^^ ^^ 

- , . . , used by Farad«iy in his 

but this current is only momentary, exi^rimental researches 

notwithstanding the inducing cur- »"<! with which the laws 

rent is continued. When the first °/. ^•"^t^'-^g^^tic indue- 

tion were discovered. 

circuit is broken, another current is 

produced in the wire under induction, of about the same 
intensity and momentary duration, but in the opposite direc- 
tion to that generated at first. 

" If a coil of wire whose ends are joined, through a galvan- 
ometer or otherwise so that a current can pass, be l^rought up 
to a magnet, or if the mapjictbe made to ai)proach the coil, 
a current will pass through the coil. This current will not be 
permanent, but will exist onlj' during the motion of approach. 
If the magnet and coil be separated, a current will again be 
induced, but, as in the previous case, its direction will be 
opposite to that of the first."* 

Faraday's most important discoveries were made in a very 
short period. Naturallj'- they stimulated other workers. 

♦ T. C. Mendenhall, "A Century of Electricity." 
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Faraday was able by means of a modification of Arago's experi- 
ment to produce current by the motion of the disk, and in 
effect invented the djiiamo. Peter Barlow (Woolwich, Eng- 
land, 1 776-1 862) reversed the operation of Faraday's disk by 
sending a current through it, thus producing the electric motor. 
Contemporaneous with Faraday, but independent of him, was 
Proi. Joseph Henry (Albany, N. Y., 1797-1878). Between 




Fig. 17. The original electric motor as constructed by Peter Barlow and 

shown in his book published in 1824. 



the years 1829 and 1831, among other important pieces of elec- 
tro-magnetic apparatus, he constructed powerful electro-mag- 
nets by winding upon iron bars coils of wire insulated 
laboriously by hand. Similar magnets were at the same 
time constructed in England by William Siurgeon (Manchester, 
England, 1783-1850). 

In comparing the work of Henry and Faraday it will be noted 
that the former was most interested in the production of mag- 
netism from electricity. Faraday studied carefully the induc- 
tion of electricity from magnetism. Thus, while Henry pre- 
pared the way for the many applications of the electro-magnet, 
Faraday practically invented the transformer, the d3niamo, 
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SUMMARY OF THE PERIODS OF MYSTERY AND 
OF SCIENTIFIC PREPARATION. 



Magnetism, 

Magnetic attraction, lodestone, 
antiquity. 

Mariner's compass, origin un- 
known, used at least as early as 
13th century. 

Gilbert, researches published "de 
Magnete," 1600. 



Electricity, 

Electric attraction, amber, antiq- 
uity. 



Gilbert, researches latter part i6tb 
centur\'. 

Guericke, Electric Machine, 1672. 

Newton, Electric Machine, 1675. 

Gray, Electric Conduction, Insula- 
tion, about 1729. 

I 

Du Fay, separated conductors and 
non-conductors, two-fluid theory 
of electricity, 1733. 

Musschenbroek, Leyden jar, 1745. 

Franklin, identity of lightning and 
electricity, the lightning-rod, 
1747-1752. 

Cavendish and Coulomb, scientific 
and analytical work in electricity, 
latter i>art of i8th century. 

Galvani. current electricity, "frog- 
leg experiment," 1786. 

Volta, the primary cell, 1793. 

Davy, the arc light, chemical 
decomposition, 1802-1807. 



Oersted, magnetic effect of cur- 
rent, 1820. 



Ampere, scientific and analytical 
study of Oersted's work, 18 jo. 

I 
Arago, magnetic induction from Fara<lay. electro-magnetic induc- 

current, mechanical effects, 1820- tion, the dynamo, transformer, 

1825. etc., 1825-1831. 

I I 

Barlow, Elements of electric motor, Henry and Sturgeon, the electro- 
1.820-1824. magnet, 1829-1831. 
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and other niodeni devices. With these men the preparatory 
period of electrical development may be said to close. Before 
their scientific work was completed, however, practical appli- 
cations were already being made. 

Period of Commercial Development. 

By the \'car 1830, all of the principles necessar\' for the 
connnercial development of electrical engineering had been 
discovered. The static electric machine was practically per- 
fect. The conduction of static electricity along wires was 
well understood, and materials had been separated into con- 
ductors and non-conductors. The knowledge of current elec- 
tricity had progressed to such a i)oint that it was possible to 
produce a limited supply by chemical and mechanical means. 
The Leyden jar in a practically i)erfect form pennitted the 
accuuudation of electricity for exi)crimental uses, and the 
arrangement of these jars in batteries gave sufficient capacity 
for all purposes t(» which static electricity could be applied. 
The identity of lightning and electricity had been established, 
and a practical lightning rod for protecting buildings had been 
developed. The laws of electro-magnetic induction had been 
svstematically investigated, and magnetism had been produced 
from the electric current. Arc and incandescent liglits had 
been produced, and substances had been electrically decom- 
posed. These elementary facts and laws were sufficient when 
commercially developed to produce all of the electrical devices 

of the present day. 

The growth of electrical engineering from 1830 to the present 
time has occurred along a number of different lines, all to 
some extent related but more or less independent. It will be 
convenient to summarize the commercial development under 
a number of different topics. 
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Transmission of Intelligence ; Early Telegraph Systems. 

As early as 1774, a telegraph system using a number of different 
wires connected to pith balls had been devised. Signals were 
transmitted by supplying these pith balls with electric charge 
through their respective conducting lines, the different pith 
balls representing the letters of the alphabet. Forty 
years later this device was improved by reducing the 
number of wires to one, the pith balls being mounted 
upon a wheel rotating synchronoush' with another at 
the sending end of the line. Up to this time transmission 
was by means of static electricity. About 1828 current 
electricity was used for transmitting signals by producing 
a change in the color of moist litmus paper moving under 
a contact finger. All of this development was preliminary to 
the electro-magnetic telegraph made possible by the discovery 
of Professor Oersted in 1820. As soon as the magnetic effect 
of current was discovered, the invention of a telegraph system, 
involving the deflection of magnetic needles by the current, 
was the immediate result. Ampere devised a system emj)l(>y- 
ing several wires and deflecting needles, the movements of 
which represented the letters of the alphabet. Tlie needle 
telegraph became immediately p()i)ular, and in 1832 there 
was produced a practical 36-needle arrangement with a sijz;nal 
to attract the attention of the receiving operator. A few 
years later Sir Charles Whcaisione (London, T^n^land, 1802- 
1875) devised a 5-needle e(]uipnient and afterward reduced 
the number of needles to one. This plan was put into com- 
mercial operation and was fairly successful. In this country, 
and at the same time. Prof. S. F. B, Morse (Charlestown, 
Mass., 1 791-1872) was working on a printing or recording 
device, utilizing Professor Henry's electro-nia^iet. His first 
apparatus, w^hich is illustrated in Fijz;. 170, Chap. XIII, was a 
device for recording dots and dashes upon a moving strip of 
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paper. In 1844, after numerous discouragements. Professor 
Morse received a small appropriation from Congress for the 
construction of an experimental line between Baltimore and 
Washington, and over this the first message was sent on May 
27, 1844. It was soon fotmd that messages could be taken 
by sound from the recorder, and the system was thus simpli- 
fied by substituting a " sotmder " for the recorder in many 
cases. The recorder in improved mechanical form is still in 
use for particular classes of service. 

Advances in Telegraphy. The advances in telegraphy 
since Morse's invention have consisted principally in improv- 
ing the transmission system. The first step in this direction 
was the invention by Thomas A . Edison (Menlo Park, N. J., 
1847- date), in 1872, of a method permitting the sending of 
two messages over a wdre at the same time. This " duplex- 
ing " of the sj'stem led to further invention along the same 
line, resulting two 3'cars later in the " quadruplex " of the 
present da\\ From the first a most important feature in 
rendering possible the extension of telegraph circuits was the 
" relay." This is a very sensitive electro-magnetic device for 
connecting a batter\' in each local circuit with the sounder or 
recorder in that circuit. The line current passes through the 
bobbins of the relay which attract an iron armature attached 
to a contact lever. The movements of this lever " make " 
and " break " the local circuit, reproducing in it the impulses 
received from the line. 

Another method of improving the line efficiency is by send- 
ing the signals very rapidly. Automatic sj^stems have been 
succcssfulh" developed for this purpose but have not been 
adopted on a large scale commercially. In one plan a tape 
is perforated with holes so placed that they represent the 
Morse signals. The tape is fed through a contact-making 
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device which transmits current to the line when the holes 
pass under the contact fingers. The decomposition of the 
substance in the paper by the current produces marks which 
are legible to a person famihar with the Morse code. 

The latest development in the transmission of signals is 
wireless telegraphy, which differs radically in principle from 
other systems. In general it may be said that the trans- 
mission involves the use of electric waves in the ether. 
The properties of these waves were discovered by Prof. 
Heinrich Hertz, and they are frequently called Hertzian 
waves. These waves are set up by the discharge of an 
induction coil, and they are radiated throughout space: In 
utiUzing the waves for telegraphy they are received on a col- 
lecting wire which transmits them to the ground through 
a sensitive resistance known as the coherer. The coherer 
consists of masses of metal particles or of an electroly- 
tic cell. Either of these has its resistance temporarily 
decreased by the passage of the electric waves. The coherer 
is connected in a local battery circuit, and the signals are 
reproduced in a telephone, a telegraph sounder, or other 
apparatus. 

The Telephone. The application of the electric circuit to 
the transmission of speech came naturally much later than 
the telegraph, which merely transmits signals. The first ideas 
of transmitting sound electrically date back to the middle 
of the last century when musical sounds were actually so 
transmitted. It remained, however, for Prof, Alex, Graham 
BeU (Boston, Mass., Washington, D. C, 1847- date) to trans- 
mit speech. Bell exhibited at the Centennial Exposition of 
1876 a crude form of telephone, containing the fundamental 
principles of the present receiver. It was an application of 
the studies of Oersted, Faraday, and Henry by which the 



32 ELECTRICAL ENGINEERING. 

vibration of a metal diaphragm, imder the action of sound 
waves, was made to vary the strength of an electro-magnet 
and by induction that of a current in a coil surrounding it. 

The next important step in telephone development was the 
production of an efficient transmitter. Bell's apparatus was 
entirely satisfactory as a receiver, and in modified form is in 
use at the present time. Prof. Elisha Gray (Chicago, 111., 
1835-1901) invented a transmitter in which the vibrations of 
a disk varied the resistance in a circuit, the current being 
supplied from an outside source. He was thus able to intro- 
duce much more power into the transmitting circuit than was 
possible in Bell's device. This principle imderlies all trans- 
mitters of the present time. Other inventors devised trans- 
mitters working on the same general principle but differing in 
the manner in which the variable resistance was produced. 
Emile Berliner (Washington, D. C, 185I- date) in 1887 applied 
the principle to contact resistances, whereas Gray varied his 
resistance by the degree of immersion of a metal needle in 
fluid. Edison, Prof. D. B, Hughes, Henry Hunnings, Francis 
Blake, and others varied the details of the transmitter con- 
struction without altering the principle. The only essential 
addition to the original inventions was the use of an induc- 
tion coil in connection with the transmitter to raise the trans- 
mission pressure and thus increase the range of transmission. 
With a satisfactory transmitter and receiver the next step in 
the development of the telephone was the production of 
switchboards for connecting the subscribers together. Soon 
after the invention of receiver and transmitter, a switchboard 
was installed for commercial use. From this crude boardi 
which served merely to connect the subscribers' circuits, the 
present elaborate sj'stems have been developed. In the 
earh^ years of commercial development, signaling was accom- 
plished by means of a magneto-generator located at each sub- 
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scriber's instmiiient. This machine sent ahemating current 
tfarou^ the line and operated a specially constructed bell. 
At the present time the alternating current for ringing and the 
direct current for the talking circuit are furnished from the 
central oflice over the same circuit, a condenser being employed 
to permit the passage of the alternating current through the 
local bell circuit, whife an inductance coil in the talking circuit 
allows direct cmrent to pass and keeps out the alternating 
current. 

Electric ll^ts&ag and Heating; Early Incandescent and 
Arc Lamps. During the hrst few 3'ears of tlie nineteenth 
century. Sir Humphry Da\'y produced both an: and 
incandescent li^t. His source of power was the priniarv* 
battery, the limitation of which discouraged the doveli>p- 
ment of his discoveries. B\' the use of two thousand 
cells of battery he produced an arc. the name indicating: the 
arched form taken by the stream of carbon vapor. He 
heated platinum ^^-ire to incandescence by means of the cur- 
rent, but as this platinum was in the air it was siH>n destroyed 
by oxidation. 

Development of the Incandescent Lamp. The first patent 
to be granted for an incandescent lamp was in 1845, the inven- 
tor being /. W. Starr of Cincinnati, Ohio. The patent was 
taken out in Great Britain, and the first American patent was 
dated June 29, 1858. Little use was made of the invent ii>ns, 
owing to the lack of cheap current. As soon, theret\>re, as a 
practical electric generator was prcKhiced the interest in elec- 
tric hghting increased. It remained for Thomas A. ICdison 
to place the incandescent lamp on a connnercial basis, which 
he succeeded in doing, after an extensive series of experi- 
ments, in 1879. Shortly before this he had made platinum 
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filament lamps which were fairly successful, but in the year 
mentioned he produced a durable carbon filament operating 
in a vacuum. Edison was not the first to use a vacuum or a 
carbon filament, but he combined the results of previous 
experiments with his own in such a way as to enable him to 
make a commercial form of lamp. Contemporaneous with 
Edison has been Sir Joseph Wilson Swan (London, England, 
1828— date), to whom is due a large share of credit for the 
development of the incandescent lamp in England. Since the 
time of the patents of Edison and Swan, improvements in the 
incandescent lamp have until recently been largely in their 
mechanical construction. At the present time the lamp is 
in a process of transition, apparently back to the metal fila- 
ment. Platinum is not the metal now employed, but the 
more refractory tungsten, titanium, tantalum and other 
rare metals are coming into use. The chief improvement in 
the carbon filament consists in raising it during the manu- 
facture to a very higli temperature producing a change in the 
form of the carbon, and permitting it to be operated at a much 
higher temperature. The word " metalhzed " is applied to 
this improved filament from its resemblance to' metal wire. 
The result of these recent inventions has been to reduce power 
consumption in the lamp for a given output of light. 

Development of the Arc Lamp. The arc produced by Davy 
needed only a mechanism for regulating the distance between 
carbons to render it commercially applicable. This would 
undoubtedly have been invented had there been a satisfactory 
source of current. Davy's experiment was repeated from 
time to time, and the mechanism referred to was finally pro- 
duced in 1845. In the early sixties practical use was made 
of the arc lamp, and a wshort length of street in Paris was lighted 
by a singidar form known as the JablochkofI candle. It con- 
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sisted of a parallel pair of carbons separated by an insulating 
material, the arc forming across the latter between carbon 
tips. After this the development was rapid, and lamps were 
brought out by Prof, Moses G. Farmer (Dover, N. H., Salem, 
Mass., Newport, R. I., 1820-1893), and Charles F. Brush 
(Cleveland, Ohio, i849--date), and others in this country' and 
abroad. The arcs referred to were all open to the air. 

In 1889 L, B, Marks perfected an inclosing globe for the 
arc by means of which the consumption of carbon was greatly 
reduced. The saving restdted from the partial exclusion of 
air from the globe which became filled with inert gas. The 
inclosed lamp is now in general use. Still more recently the 
efficiency of the arc has been increased by impregnating the 
carbons with calcium, strontium and other luminous sub- 
stances. The lamps employing this principle are the so-called 
" flaming " arc lamps of Blondel, Bremer and others. Dr. 
C. P. Steinmetz has also brought out a very efficient arc lamp 
in which magnetite and copper take the place of carbons. In 
this as well as in the other " flaming arcs " the main source of 
light is the arc, while in the carbon lamps it is the incan- 
descent carbon tips. 

Recent Improvements in Electric Lamps. In addition to 
the forms of arc and incandescent lamp, there are several of 
recent development which have great commercial promise. 
In the vacuum tube and mercury arc luminosity comes from 
the passage of the current through tubes containing respec- 
tively air or other gas at low pressure and mercury vapor. 
The Nemst lamp with its kaolin filament in air is now in 
general use. In this type an important property possessed 
by certain refractory earths is utilized. When these are heated 
they become conductors, and their refractory nature permits 
the use of very high temperature in air. 
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Electric Heating. Electric lighting is largely a matter 
of heat production, but there are also some applications of 
electric heating in which light is not produced. It is difficult 
to determine the period in which the current was used for 
heating purposes, but undoubtedly it was so used early in the 
nineteenth centur>\ At the present time heat is produced 
electrically to some extent for cooking, soldering, room and 
car warming and for metallurgical purposes. An example of 
the last mentioned is found in the manufacture of the abrasive, 
carborundum, mentioned in the Introduction. 

Engineering Electro-Chemistry ; Early Experiments in 
Electro-Decomposition. Some slight use was made of electri- 
city in the latter part of the eighteenth century in producing 
chemical reactions by means of the discharge from Lej'den 
jars and electrical machines. When Volta, by means of his 
battery, rendered available the electric current, a new impetus 
was given to discovery in electro-chemistry. Ammonia, nitric 
acid and sulphuric acid were decomposed, and the plating of 
one metal with another was accomplished. As had already 
been mentioned, Davy made use of these processes in 1807. 
He produced potassium and sodium by electrolysis. Farada\% 
as a result of his electrical investigations, determined some 
of the most important laws of electrolysis, which now bear 
his name. He determined the electro-chemical equivalents 
of many substances. These researches made possible the 
commercial advances in electrolysis in recent years, the most 
important of which from the engineering standpoint are the 
storage battery and the reduction of metals. 

The Storage Battery. The modem storage battery dates 
from about i860 when Gaston Planie produced spongy lead 
and lead oxide sheets by the action of the current. This he 
accomplished bj^ charging and discharging in alternate direc- 
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tions a cell made up of sheets of lead alternately ccmnected 
in parallel. Twenty 3'ears later, CamiUe Faure improved 
upon Plante's discovery by making the plates in the form of 
lead grids with fillings of red oxide of lead. The lead oxide 
was reduced to spongj' lead by the current, or further oxidized 
to peroxide, thus forming the negative and positive plates 
respectively. This invention made it possible to store a 
large amount of energy in a small space. Since 1880 the 
improvements in the storage cells have been largeh' mechan- 
ical ones. In the past few j-ears there has been a tendency 
to return to the Plante type of plate for the positives, and the 
modem cells are of this form. 

Copper Refining and ' Plating. The electrohijc refining 
of copper dates back to Prof. Anloine Ceser Becquerel (Paris, 
France, 1 788-1 878), who in the 3'ear 1836 succeeded in pro- 
ducing copper from a solution. It was not, however, until 
1865 that James B. Elkington made the process a commercial 
success. The several processes developed since that time 
differ largely in the manner of handling the ore, which in all 
cases must be reduced to metallic form before it can be sub- 
jected to electrolysis. The use of a copper coating for repro- 
ducing the form of objects was one of the first applications 
of Becquerel's discoverj\ 

Other Processes. The reduction of aluminum is of com- 
paratively recent invention, and the principal process in use 
is that due to Charles M, Hall (Niagara Falls, N.Y., 1863- 
date). In the Hall process the aluminum is reduced from 
oxides while suspended in a bath of fused cryolite. This 
process was put into commercial operation in 1887. Numerous 
other electro-chemical processes are in use for producing all 
kinds of chemical substances, most of these being of compara- 
tively recent invention. 
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Electric Power Generation and Transmission ; Eariy 
Direct Power Generators. The Faraday disk and Barlow 
wheel contained the essentials of the modem generator 
and motor. Progress in their development was slow, and for 
forty years after Faraday's discoveries the priman.' battery 
remained the principal source of current supply. The first 
" djTiamos " comprised permanent magnet fields with bobbins 
of wire moving in relation to them. Hyppolyte Pixii of 
Paris, France, in 1832 made such a djTiarao with rotating 
horse shoe magnets. This was improved by Clarke of London, 
who studied the proper proportions to produce the best 
effect. C. G. Page {Washington, D.C., i8i2-i868> further 
modified the machine by moving a soft iron armature before 
permanent magnet fields on which coils of wire were wound. 
The changes in the field produced by the movement of the 
soft iron armature induced electromotive force in the coils. 
Other inventors introduced improvements one by one, 
increasing the size of the machines gradually. In 1856 an 
improved armature by Werner Siemens (Berlin, Germany, 
1818-1892), and the result was a more rapid development, 
Siemens' armature consisted of a cylinder with deep slots 
on opposite sides in which the coils were wound. It was 
the forerunner of the modem drum armature. In i860 an 
Italian inventor, Paccinotti, produced a type of armature 
in which the coils were wound around the surface of a ring. 

The early generators employed permanent magnet fields 
which were too weak for power generation on a large scale. 
While battery current was available for field excitation this 
was not convenient. Hence the importance of the intro- 
duction of the auxiliary magneto-generator exciter by Wilde 
in the eariy sixties. Sir Charles Wheatstone made the final 
step in this direction by exciting the field from the armature 
of the machine, exhibiting his invention in 1867. 



HISTORICAL DEVELOPMENT. 39 

Paccinotti did not develop his ring armature, and it was 
not until 1870 that Gramme, a manufacturer in Paris, pro- 
duced the modem ring type. One of the first reproductions 
of the Gramme machine in America was constructed by Pro- 
fessors Anthony and Moler at Cornell in 1875, and the machine 
was exhibited at the Centennial Exposition of 1876. A 
number of interesting features were introduced, among which 
was the movable rocker arm for the brushes. 

The invention of Gramme, combined with those immediately 
preceding it, resulted in the production of satisfactory- electric 
generators and aroused the interest of a nimiber of practical 
inventors, among whom, in addition to those already men- 
tioned, the most prominent were Brush, Weston and Edison. 

Early Alternators. Practically all of the machines men- 
tioned were direct current generators. The apparatus for which 
current was required, had been constructed to operate from 
primary batteries, hence there was no demand for the alter- 
nating current. All of the machines required commutating 
or rectifying devices for reversing the connection of the vari- 
ous coils with the circuit as the current in the coils alternated. 
Inherently the machines were alternators with the exception 
of the Faraday disk, which in its original form was of no par- 
ticular use. It is surprising, therefore, that the adoption of 
alternating current was delayed until the early eighties. The 
slow development of the alternating current generator was 
partly due to the fact that the early machines of this type 
were limited in output, and the use of a separate exciter was 
considered troublesome. As stated before, the apparatus that 
had been developed was not suited to the alternating current. 
and the use of the alternating current was Uttle understood. 
Its use did not become popular until the invention of the 
transformer for raising the pressure, and by the use of which 
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transmission efficiency was greatly improved. The first com- 
mercial alternators were built for use in connection with the 
Jablochkoff arc lamps which consisted of two vertical parallel 
carbons. Alternating current was desirable with these in 
order to bum off the terminals evenly. These machines were 
built by Gramme between 1876 and 1880. They contained 
internal revolving field magnets supplied with current by a 
direct connected exciter. A few years before this there were 
several magneto-alternators operating arc lamps in ligiht- 
houses and built by TAlliance Francaise, but they were of 
very small capacitj^. Among builders of alternators of this 
same period Prof. Gisbert Kapp was one of the most prom- 
inent. The magnetic field of Kapp's alternator comprised 
sets of bobbins placed opposite the two faces of a ring arma- 
ture. His machine was very successful. Other alternator 
builders of the time in Europe were de Meritens, Friederick 
von Heftier Alteneck, Ganz, Schuckert, Zipernowski, Deri, Mor- 
dey, Z. de Ferranti, and others. In the United States the 
pioneer was George Westinghouse, who was constructing alter- 
nators of small size in 1 886- 1 887. 

The Transformer. The early alternators were of the low 
pressure type with limited range of transmission. The inven- 
tion of the transformer, the principle of which had been dis- 
covered by Faraday in 1 83 1, was made in England by Messrs. 
Gaidar d and Gibbs in 1882 and 1883. Their transformer was 
practically the same as Faraday's ring, but in order to pre- 
vent the leakage of magnetism between the coils these were 
placed close together. Zipernowski and Deri in 1884-85 built 
these transformers in large sizes. At the same time Westing- 
house secured the American rights of the Gaulard and Gibbs 
patents and proceeded to develop the alternating current in 
this countr3\ In spite of opposition it was gradually intro- 
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duced, first for incandescent lighting, then for power trans- 
mission, later for arc lighting and motor service. The many 
inventors at work on the transformer have produced various 
mechanical and electrical improvements chiefly dealing with 
increase in efficiency, strengthening of insulation and reduc- 
tion of magnetic leakage. 

Power Transmission. The production of successful alter- 
nators and transformers opened the way for power trans- 
mission over considerable distances. During the winter of 
1890 a transmission plant was installed at Telluride, Colo., 
employing Westinghouse single-phase alternators of 1 00 
horse power, the largest then made. The motor and generator 
were alike except that the latter was self-exciting while the 
fonner was separately excited. The transmission pressure 
was 3000 volts and the distance, 2.6 miles. Shortly before 
this, the polyphase current had been developed, but had not 
been applied to power transmission up to 1890. In 1888 
Professor Ferraris, Nikola Tesla, and M. Dolivo von Dob- 
rowolski had adapted the principle underlying Arago's disk 
experiment to the production of mechanical power without 
the aid of a commutator. By means of two or more alternat- 
ing currents with maximum values occurring at different times 
they produced a rotating magnetic field with fixed coils. A 
short circuited armature placed in such a rotating field had a 
tendency to follow its motion. The Tesla patents were 
acquired in this country by the Westinghouse Company in 
1888, and poljrphase induction motors, as thc\' were called, were 
soon upon the market. Mr, C. E. L, Brown of the Oerlikon 
Machine Works took up the development of the single-phase 
system and operated a transmission plant at Kasscl, Cicnnany, 
over five miles in length. Two one-hundred horse power gen- 
erators operating in parallel were employed, and current was 
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transmitted at 2000 volts. In order to demonstrate the 
possibility of long distance transmission a famous experiment 
was made in connection with the Frankfort Exposition of 189 1. 
Three-phase current was used to transmit power from Lauffen, 
a distance of 75 miles, and a special generator was designed by 
Brown to produce the three-phase current at 50 volts. The 
pressure was raised to 13.OOO volts for transmission, by means 
of special transformers. Power was generated by a water 
turbine at Lauffen and transmitted to the Exposition, where 
it was retransformed into mechanical power. The efficiency 
of transmission was about 75 per cent, which was so satisfac- 
tory that a great impetus was given to the application of the 
polyphase transmission system. Professor Elihu Thomson 
thus summarized the status of power transmission at this 
period. 

" These long distance power transmission plants are generally 
spoken of as ' two-phase ' or ' polj'-phase ' systems. Before 
1890 no such plants existed. A large number of small installa- 
tions are now working over distances of a few miles up to 100 
miles. They differ from what are known as single-phase alter- 
nating systems in employing, instead of a single alternating 
current, two, three, or more, which are sent over separate 
lines, and in which the electric impulses are not simultaneous, 
but follow each other in regular succession, overlapping each 
other's dead points, so to speak. Early suggestions of such a 
plan about 1880, and thereafter, by Bailey, Deprez and others, 
bore no fruit, and not until Tesla's announcement of his poly- 
phase system in 1888 was much attention gi\'en to the subject. 
A wide-spread interest in Tesla's experiment was invoked, but 
several years elapsed before engineering difficulties were over- 
come. This work was done mainly by technical staffs of the 
large manufacturing companies, and it was necessary to be 
done before any notable power transmission on the polyphase 
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system could be established. After 1892 the giouth became 
very rapid." * 

After the successful Lau£Fen-Frankfort experiments numer- 
ous power projects were begun, the most ambitious of which 
involved the distribution of power from Niagara FaUs. In 
1893 the Westin^iouse Company, was awarded the c«itract 
for a 15,000 horse-power plant to develop two-phase currents 
at 2000 volts. This plant was successfuUy built and has since 
been extended by the Niagara Power Company, which at the 
present time has three large power plants with a combined 
ultimate capacity of nearly a quarter million horse power. 
Since 1890 numerous water powers in aU parts of the world 
have been developed and are being developed by means of 
the poh-phase current, and power may now be transmitted as 
far as economic conditions warrant. 

Early Electric Motors. An essential feature of power 
transmission is the electric motor. The motor began with 
Barlow's wheel in 1824. In this form it did not permit of the 
production of any considerable amount of power, and it was 
not until after the invention of the electro-magnet that the 
motor was used commercially. Moriiz Hermann Jacobi 
(St. Petersburg, 1801-1874) combined a number of electro- 
magnets in such a way as to permit the development of con- 
siderable power. A number of electro-magnets were arranged 
as shown in Fig. 18. Current was supplied inteniiittently 
through contact rings to the revolving armature. In this wa\^ 
it received a series of impulses in one direction. Tliis motor 
was placed on a boat on the river Neva, Russia. Thomas 
Davenport was the builder of the first motor in the United 
States. In 1837 he was able to construct a combination of 
permanent and electro-magnets ver>' similar in principle to 

♦ Electrical World, Vol. 38, p. 881. 
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that of Jacobi. Professor Henry also built a powerful motor, 
using his own electro-magnets. Numerous experimenters, 
including Fromant, Professor Farmer, Paccinotti, and others 
gradually improved the motor until it was taken up com- 
mercially by the builders of dynamos and developed in con- 




FiG. i8. One of the earliest electric motors. Installed by Jacobi on 
boat on River Neva, Russia, in 1838. 

junction with them. As practically all of the dynamos were 
reversible they made fairly good motors. 

Recent Electric Motors. The electric motors of the present 
time are of several different types, their pecuHar forms having 
been forced upon them by the conditions under which they 
are required to operate or by the available source of current. 
The first motors were simply reversed dynamos. ^Vlien motive 
power was required for traction purposes it was found that 
reversed dynamos were not satisfactory. Then began the 
evolution of a motor peculiarly suited for this work, and the 
modem series street railway type is the result. For this pur- 
pose large starting torque, reversibility and durabihty were the 
prime requisites. For stationary uses the shunt motor was 
developed as constant speed was found to be important. The 
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increase in the use of alternating current from 1882 onward 
required the development of alternating current motors. 
Single or polyphase alternators when operated as motors were 
fairly satisfactory. Thus operated the alternator is known 
as a synchronous motor from the fact that it maintains a speed 
proportional to that of the generator. Professor Thomson 
in 1887 produced rotation of a single-phase motor in which 
the current was furnished to the field and the armature was 
short circuited. The name " repulsion motor " was given to 
this type. It was not at the time commercially successful, 
but has recently received great attention. As previously 
stated, the invention of the rotating field by Tesla and Ferraris 
made available a new tjrpe, the induction motor, so-called 
from the fact that there was no electrical connection between 
the field and the armature. The motor has been mechanically 
and electrically improved until at the present time it is prac- 
tically perfect. Induction motors are being built in sizes up 
to 6000 horse-power. Synchronous motors are built in as 
large sizes as are demanded. 

The latest of all alternating current motors is the series type 
which has been successfully adapted to the requirements of 
railway service. Satisfactory motors are now obtainable for 
operation under practically any conditions of service and with 
any kind of power supply. 

Electric Traction. As soon as the electric motor had been 
made possible by the discoveries of Oersted, Faraday, Barlow 
and Henry, crude forms were develo[)C(l cxpcriiiicntally. The 
first and most natural application of the motor was to trans- 
portation. In 1834 a small model of a railway car driven 
by current from a primary'' batter^'^ was constnicted by Thomas 
Davenport, a blacksmith of Brandon, Vt. Four years later 
Robert Davidson of Aberdeen, Scotland, constructed a loco- 
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motive equipped with a Jacobi motor which was tried on the 
Edinburgh-Glasgow Railway. Prof. Moses G. Farmer, in 1847, 
built and operated a car of small size, and in 1850 TJiomas Hall 
built a reversible car in Boston. 

The first electric railway experiment on a large scale was 
conducted by Professor Page of the Smithsonian Institution. 
A locomotive supplied with current by a large Grove battery 
was operated in 1857, and but for the troubles with the battery 
would have been considered verj- successful for the time. 
All of these early experimenters were handicapped by the lack 
of an ample supply of electrical power. It was, therefore, not 
until after the development of the electric generator that they 
were commercially successful. 

In 1875 experimental railwaj' work was taken up again by 
George F. Green of Kalamazoo, Mich., who built a small equip- 
ment that was supplied with battery current, although the 
djmamo was then partially developed. In 1879 at the Berlin 
Exposition a model road constructed about the Exposition 
grounds was the first to carrj- passengers commercially. It 
was constructed by Siemens and Halske. * who had by this time 
developed a satisfactory motor and generator. This experi- 
mental line was followed by a commercial road, built by the 
same company at Lichterfeld, near Berlin, in 1881. The car 
used attained high speed and was continued for a long time in 
regular service. These successful experiments gave a great 
impetus to the electric railway, and numerous inventors 
devoted their attention to the subject. In addition to those 
already mentioned, Stephen D. Field and Thomas A. Edison 
constructed an electric locomotive under their own patents 
and exhibited it in Chicago in 1883. At this time Frank J. 
S Prague, then a midshipman in the United States Navy, 

• The finn founded largely by Werner Siemeoa and his brother was a 
pioneer in all branches of electrical work. 
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became interested in electric railway work and was a pioneer 
in the movement. Charles J. Van de Poele constructed a 
small experimental line in Chicago, in 1882-83, i° which the 
current was supplied from an overhead wire. In the follow- 
ing year Van de Poele operated cais at the Toronto Exposition 
and soon after in other places. 

Commercial Application. By the year 1SS5 the electric 
railway was approaching commercial success. It was being 
shown at all the expositions, and cars were in commercial 




9. Early electric locomotive, the Ampere. 



operation abroad. Mr. Leo Daft had constructed a loco- 
motive of considerable power which he named the " Ampere," 
and he also had other cars in operation. In this year electric 
locomotives were put into operation on the Hampton branch 
of the Baltimore Union Passenger Railway Company, and 
pulled regular street cars. During the same year Daft oper- 
ated a locomotive, the " Benjamin Franklin," on the Ninth 
Avenue Elevated Road in New York City. Experiments at 
practically the same time were being carried on in Cleveland, 
Ohio, by Messrs. Bentley and Knight who installed an unsuc- 
cessful underground conduit. Among the experimenters 
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of this time may be mentioned Dr. WellingUm Adams, J. C. 
Henry, Sidney H. Short, and others, In the meantime Mr. 
Sprague had not been idle, and in the year 1885 construction 
work was begun on the Thirty-fourth Street branch of the 
New York Elevated Road, and a year later an elevated car was 
operated. The experience gained here was apphed in 1887 to 
the construction of roads at St. Joseph, Mo., and Richmond, 
Va. These were the first to be electrified on a large scale. Mr. 
Sprague thus summarizes the features of this now historic 
system; " A system of distribution by an overhead hne carried 
over the center of the track, reinforced by a continuous main 
conductor, in turn supplied at central distributing paints by 
feeders from a constant potential plant, operated at about 
450 volts, with reinforced track return. Tlie current was 
taken from the overhead hne at first by fixed upper pressure 
contacts, and subsequently by a wheel carried on a pole sup- 
ported over the center of the car and having free up and down 
reversible movement. Exposed motors, one to each, were 
centered on the axles, and geared to them at first by single, 
and then by double reduction gears, the outer ends being 
spring supported from the car body so that the motors were ' 
individually free to follow every variation of axle movement, 
and yet maintain at all times a yielding touch upon the gears 
in absolute parallelism. All the weight of the car was avail- 
able for traction, and the cars could be operated in either 
direction from either end of the car. The controlling 
system was at first by graded resistances, afterward by varia- 
tion of the field coils from series to multiple relations, and 
series-parallel control of armatures by a separate switch, 
Motors were run in both directions with fixed brushes, at 
first laminated ones placed at an angle, and later solid metallic 
ones with radial bearing." * 

• TransaclJons International Electrical Congress, Vol. Ill, p. 331. 
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Recent Developments. Since 1887 the improvements have 
been largely those of electrical and mechanical design as far 
as motors are concerned. As the range of operation of the 
cars increased and electricity was applied to heavy traction 
work other improvements were necessar>\ Among these 
may be mentioned a system of multiple unit control for start- 
ing the motors of the several cars of the train at the same time. 
This was also invented by Sprague. The interurban develop- 
ment brought about the use of alternating current transmis- 
sion for the power and the introduction of substations in 
which the current was transformed to direct for use upon the 
cars. At the present time the alternating current motor is 
in process of application to electric traction and is rendering 
imnecessary the special substations. The steam railroads 
of the coimtry are also seriously considering the adoption of 
electricity as motive power, especially for suburban traffic 
and tunnel service. 
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CHAPTER 11. 

FUNDAMENTAL ELECTRICAL AND MAGNETIC 

QUANTITIES. 

Outline. 

The Faraday disk arranged for experiments to be used as the basis of 
definitions. 

Bxperiments showing the inter-relation of fundamental electrical and 
magnetic quantities. 

Effect of change of direction of current and field. 

Mechanical reaction between current and field. 

Resistance and electromotive force. Ohm's Law. 

Generator of e. m. f. by motion of conductor in field. 

Electrical power. 

Identity of electrical and mechanical power. 

Summary of deduction from experiments. 

Definition of units in the practical system. 

Fundamental units — current — resistance — e. m. f. — deriv'ed 

unit — power — energy — quantity — inductance — capacity — 

field strength. 
Definition of units in the C. G. S. system. 
Field strength — e. m. f. — current — quantity — power — energy 

— resistance — capacity. 
Summary of definitions. 

The study of electrical engineering should be based upon 
accurate conceptions of fundamental electrical and magnetic 
quantities which for practical use must be reduced to defini- 
tions in previously familiar terms. Such definitions are only 
possible when the fundamental facts are clearly understood. 
To avoid urmecessary complication, a few very simple and 
familiar experiments have been selected as the basis of the 
definitions. Faraday's experiment with the magnet and 
pivoted disk used as a generator of electric current, and Bar- 
low's experiment, using a similar apparatus as a motor, ilhis- 
trate the intimate relation which exists between mapcnetism 
and the electric current. With this apparatus in modified 
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form a number of instructive experiments may be performed. 
For mechanical convenience the apparatus has been arranged 
as shown in Fig. 20. A large compound permanent magnet, 
with its poles brought close together to form a short air gap, 
and consequently a strong magnetic field, is mounted in the 
position shown. The surfaces of the poles have been made 




po. Special arranRemcnt of Faraday's disk < 
Barlow's wheel for demonstration and experiment. 

larpe enough to produce an air gap area of several square inches. 
A larce copper disk, rotating in ball bearings, is so placed that 
it ctits the magjietic field at as high a velocity as possible. 
Current is conducted to and from the disk through copper 
strips or " brushes " which bear upon the center and rim. 
Radial slots arc cut in the disk in order to confine the current 
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to a direct path between the brushes. The magnet is mov- 
able with respect to the disk, and the disk itself may be removed 
and replaced bj" another. A pulley is mounted upon the 
disk axle for the purposes of supplying power when the disk 
is operated as a generator and of connecting it to a load when 
it is used as a motor. In this machine the current flows from 
brush to brush through the disk and passes through the 
magnetic field. The apparatus embodies the most imix)rtant 
principles of modem electric generators and motors, but it is 
not efficient as a machine in the fonii shown. It has, how- 
ever, a modem prototype in the unipolar dxTiamo which 
differs from it only in details of design and construction. 
On account of the recent development of the steam turbine, 
giving high peripheral velocity, the unipolar dxTiamo is coming 
into commercial operation. 

Experiments Showing the Inter-relation of Fundamental 
Electrical and Magnetic Quantities. 
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Experiment I. When current is sent through the disk 
from center to rim, it rotates in a definite direction. If the 
direction of the current is re- 
versed and it flows from rim to 
center, the disk rotates in the 
opposite direction. Further, if 
the magnetic poles are reversed, 
the direction of the current re- 
maining the same, the direction 
of rotation is reversed. In Fig. 21. Diaj:rram showinjr con- 
other words, reversing both "^^^^i°" ^^ battorv ai.d disk, 
the magnet and the direction 
of the current at the same time docs not change the direction 
of rotation. The conclusion from these experimental facts is 
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that there is a reactive force betiveen a current and a magnetic 
field, which has a definite direction with relation to them. 

Experiment II. In the first experiment the effects of chang- 
ing the direction of current and field were noted. The inves- 
tigation may be carried farther b\' substituting for the first 
disk another of different thickness or one made of different 
material. The rotative force will be greater or less, indicat- 
ing a change in the current, the field being assumed to remain 
constant. It is convenient to sav that if the field is the same 
the mechanical force is an indication of the strength of the cur- 
rent. Similarly if a stronger magnet replace the original one 
the rotative force will be increased. In this case, assuming 
the current to have remained constant, the force may be re- 
garded as an indication of the strength of the field. 

Taken together. Experiments I and II give a means for 
determining the relative values of current and field strength. 

Experiment III. Having from Experiments I and II a 

m 

convenient means for determining the relative strength of two 
or more currents, a studj- of some of the properties of the elec- 
tric circuit maj" be made. In Experiment II a change in the 
dimensions or material of the disk through which the current 
passes was found to alter the force, indicating a change in the 
current. Tliere was evidently' a change in the resistance 
offered by the disk to the flow of the current. If this current 
was furnished by a cell of primary or secondary' battery there 
must have been in this cell a property or condition b\' which it 
maintained the current. This ability to maintain the current 
is tenned the dectromoiive force, a cumbersome but expressive 
name. Instead of changing the disks, a different source of 
electromotive force may be used. If two cells in series 
be emplo3'ed instead of one, an increased rotative force will 
be evident, indicating an increase in the current. Taken 
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together Experiments II and III show that changing the 
dimensions or material of a circuit alters the resistance, and 
that increasing the electromotive force with the same resistance 
increases the current. The inter-relation of current, electro- 
motive force, and resistance has been experimentally deter- 
mined and is kno«Ti as Ohm's Law. This law states that 
ike current is directly proportional to the ekctromotire force, 
and inversely proportional to the resistance in a circuit. 

Experiment IV. If the rims and centers of two Faraday 
disks are connected b5' electrical conductors, and if one of 
these disks be rotated by an external source of power, the other 
will tend to rotate also. This tendency indicates the flow of a 
current through the motor disk, the connecting circuit, and there- 
fore through the generator disk, as all electrical circuits must 
be continuous. The current in tlie motor disk is maintained 
by an electromotive force produced by Ike motion of the generator 
disk in its field. A change in the speed of the generator disk 
will correspondingly change the current in the circuit, indicat- 
ing a similar change in the electromotive force. If while 




Diagram showing two disks connected electrically, o 
which acta as generator, the uther as m'.itor. 



the speed of the generator disk remains unchanged, a stronger 
or weaker magnet replaces the original one, an increase 
or decrease of electromotive force will result. These experi- 
mental facts lead to the conclusion that the electromotive force 
depends both upon the speed of rotation of the disk and the strength 
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of the field. Experiment shows it to be directly proportional 
to either speed or field strength and therefore to their product. 

Experiment V. In the generator disk of Experiment IV 
the electromotive force produces a current which obviously 
tntist have reacted upon the generator field with a mechanical 
force, just as in the case of the motor disk. The mechanical 
force is proportional to the current, and the electromotive force 
which sets up this current is proportional to the speed, therefore 
the product of current and electromotive force in any system of 
electrical units is equal to the product of velocity and force in any 
System of mechanical units. As the product of force and velo- 
city is mechanical power, the 
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product of electromotive force 
and current must be electrical 
power. With systems of units 
chosen for the electrical and 
mechanical quantities, the 
connecting factors may be 
experimentally determined. 

-^. , . , For example, if in the 

Fig. 23. Diagram showing generator 

disk driven through differential driving belt of the generator 

transmission dynamometer to meas- Jjgk a transmission dynamo- 
ure mechanical power input, , . , . 

meter be mserted, the net 
tension in the belt may be determined. The belt velocity may 
be measured by a speed indicator. The product of the ten- 
sion and the velocity will give the mechanical power. For 
the corresponding electrical quantities, experiments, embodying 
the principles indicated in Experiments I to IV, may be used 
to determine the values of current and electromotive force. 
After correcting for the losses in the generator, the mechanical 
input may be equaled to the electrical output. These experi- 
ments establish the identity of mechanical and electrical power. 
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Experiment VI. As a further illustration of the inter- 
changeability of mechanical and electrical power, two Faraday 
disks may be belted together as shown in Fig. 24. They are 
also connected electrically as before. Wlien once brought up to 
speed the motor-generator set would continue to rotate if 
there were no losses. There are, however, mechanical and 
electrical losses throughout the sj-stem which must be sup- 
plied from an external mechanical or electrical source. A 
small auxiliary motor may be used to supply the lost i)ower 
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Fig. 24. Diagram showing two disks electrically and mechanically con- 
nected with auxiliary belt for supplying losses. 



mechanically, or a battery or other source of electrical supply 
may do the same through the electric circuit. liixcept for 
these losses ihe mechanical power passing through the belt from 
motor to generator will be equal to that electrically transmitted 
from generator to motor. 

Taken together Experiments III and V lead to a most 
important and useful deduction. Experiment V shows that 
electrical power is the product of electromotive f(;rcc and 
current. From Experiment III electromotive force was seen 
to be the product of resistance and current in a circuit con- 
taining resistance only. In such a circuit, therefore, the power 
used in overcoming the electrical resistance is the product of the 
square of the current and the resistance. This deduction is 
known as Joule's Law 
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Summary of Deductions from Experiments I to VI. 

Experiment I shows the existence of a mechanical reaction 
between the current and a magnetic field, and this reaction 
has a definite direction with respect to either the field or the 
current. 

Experiment II shows the relation of the mechanical reaction 
to the magnitude of the field and the current, and furnishes 
the basis for the definition of one in terms of the other. 

Experiment III shows the inter-relation of current, electro- 
motive force, and resistance, which is embodied in Ohm's law. 

Experiment IV shows the inter-relation of field strength, 
speed, and electromotive force, and furnishes a basis upon 
which one of these maj^ be defined in terms of the other two. 

Experiments V and VI show the identity of mechanical and 
electrical power. 

Experiments III and V furnish a basis for determining the 
rate at which power is transformed into heat in resistance, 
the statement of which is known as Joule's Law. 

The apparatus used in these experiments forms a very 
crude generator or motor. The losses are, therefore, excep- 
tionally large. The student should not judge of the efficiency 
of modem machines by reference to the Faraday disk. 

Definitions of Units in the Practical System. 

The experiments described have indicated the inter-rela- 
tions existing among mechanical and electrical quantities. 
If two of the latter be fixed in any way all will then have abso- 
lute values, which may be determined by the relations already 
established. From the standpoint of mathematical and 
physical science the most logical units to define first are those 
of electromotive force and current. For practical purposes, 
however, legal standards of resistance and current have been 
established as being most readily- reproduced in tangible 
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form. The legal standards are secondary standards, absolute 
measurements of the fundamental electrical quantities, being 
troublesome and expensive to make. For the present pur- 
poses it is sufficient to define these legal standards. 

Fundamental Units. 

Unit of Current. The legal or international ampere is 
the current which will deposit 0.001118 gramme of silver per 
second from a solution of 15 parts by weight of silver nitrate 
in 85 parts by weight of water. In the instructions for making 
these measurements, specifications are given as to the details 
of dimensions of the platinum bowl which forms the kathode 
or exit of the current, and the silver plate which forms the 
anode at which the current enters. The specifications also 
include the method of covering the anode with filter paper 
for the purpose of retaining any loose particles. 

Unit of Resistance. The legal or international ohm is 
that represented bj' the resistance offered to an unvarj'ing 
electrical current by a column of mercury at the temperature 
of melting ice and having a mass of 14.4521 grammes. This 
column has a constant cross-sectional area and a length of 
106.3 centimeters. 

Unit of Electromotive Force. The legal or international volt 
is the product of the corresponding ampere and ohm, that is, 
it is the electromotive force necessary to maintain an ampere 
against a resistance of an ohm. 

Problems Illustrating the Use of the Units of Current 

Resistance and e. m. f. 

The electric heaters on a street car draw five amperes at a 
trolley pressure of 550 volts. There are four heaters in series. 
What is the resistance of each? Ans. 27.5 ohms. 
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The hot resistance of the field coil of a shunt dynamo is 
10 ohms. How much current is it drawing when the machine 
is generating 220 volts? 

Ans, 22 amperes. 

When 5 ohms of field resistance are inserted in series with 
the field coil, the armature pressure drops to l8o volts. What 
current then flows? 

Ans, 12 amperes. 

The open circuit e. m. f. of a railway storage battery is 580 
volts. When 500 amperes are drawn from it the e. m. f . falls 
to 540 volts. What is the resistance of the battery? 

Ans, 0.08 ohm. 

A trolley car draws 100 amperes from a power station 
through a trolley line and track resistance of 0.5 ohm. What 
is the e. m. f . at the car when the station pressure is 550 volts? 

Ans. 500 volts. 

With the primary units established, and using the experi- 
mental relations already established, the remaining electrical 
units may be readily defined. 

Derived Units. The apparatus used in Experiments I to 
VI is useful in deteniiining the general relations existing among 
the various quantities, but it does not give sufficiently accurate 
results for scientific purposes. The current in flowing from 
brush to brush does not flow through a very definite path. 
Having established the general relations, however, with this 
apparatus, the current may now be considered as confined to 
a particular path as shown in Fig. 25. 

In a conductor as shown, generating electromotive force 
by motion in the field or producing mechanical force by virtue 
of the current in the conductor, the relations of the various 
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quantities are perfectly definite. The remaining electrical 
quantities are then as follows: 

Unit of Electrical Power. Experiment IV shows that 
electrical power is the product of electromotive force and 
current. It follows that the imit of electrical power is the 
product of the units of electromotive force and current, or 
the volt-ampere. The name given to this unit is the watt. 
The watt is a rather small unit for practical purposes, and 
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Fig. 25. Diagram showing circuit, confining cunent lo a definite path 

and located in a magnetic field. 



one thousand times (1000) the watt or the kilowatt is the 
ordinarj^ commercial unit. 

Experiment has shown that a mechanical horsepower is 
the equivalent of approximately 746 electrical watts, so that 
the term electrical horsepower is frequently applied to this 
number of watts. The electrical horsepower is, therefore, 
somewhat less than three-fourths of a kilowatt. 

Unit of Electrical Energy. Energ^^ is the product of power 
and time, so that the imit of electrical energy is the volt-am- 
pere-second, or the watt-second, which is for convenience given 
the name joule. The joule is a very small unit of energy, 
and it is very seldom used in practice. The more common 
units are the watt-hour or kilowatt-hour, and occasionally the 
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term electrical horsepower hour or even electrical horsepau-er 
year is used. 

Unit of Electrical Quantity. The quantity of electricity 
which is passed through a circuit is the product of the current 
and the time. One ampere flowing for one second is the 
unit, and this ampere-second is given the name cotilomb. 
The coulomb is not a convenient unit for practical purposes, 
the ampere-hour being the one usually employed. 

Problems Illustrating the Units of Power, Energy » and 

Quantity. 

How much power is being used in the car heaters which 

draw five amperes at 550 volts? 

Ans, 2.75 K.W. 

If an electric motor is delivering 5 horsepower at an effi- 
ciency of 80 per cent, what current is it drawing from a 

220-volt line? 

Ans, 21.2 amperes. 

A residence contains 25 incandescent lamps which operate 

an average of 20 hours per month. Each lamp takes 0.6 

ampere at no volts. W^at is the monthly bill at 11 cents 

per K. W. hour? 

Ans. $3.63. 

A 20-ton trollej^ car uses 0.18 K.W. hours per ton-mile. What 
is the average current with a trolley line pressu» of 525 volts 
when the car speed averages 15 miles per hour? 

A71S, 102.9 amperes. 

A railway storage battery is discharged at a rate of IIOO 
amperes for eleven minutes. How many ampere-hours has it 
given out? How many coidombs? 

Ans. 201.7 ampere-hours. 
726,000 coulombs. 
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How many days will a lo-volt gra\-ity battery continue to 

>-ield one-tenth ampere if its ultimate output is ten K.W*. hours? 

Ans. 416.6 days. 

Unit of Inductance. There are two properties of an elec- 
tric circuit which are sometimes of the very greatest impor- 
tance. One electrical property has been already defined 
as resistance. Electrical resistance is closely analogous to 
mechanical resistance, for both produce a dissipation of power 
as heat. In mechanics there are two other quantities, known 
as ineriia and elasticity, which at times produce important 
effects. The analogs of these in an electric circuit are given 
the names inductance and capacity. 

Inductance is that property of an ekctric circuit by uhich it 




Pic. 16. Diagrams drawn by Faraday shoivinR tlic r 
rounding one and two conductors carryini; currci 
represent iron filings. 
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resists a change in the current, just as inertia is that uiecliiinical 
property by which a mass resists a chaiinc in velocity. The 
cause of inductance in an electric circuit is the manni'tic liild 
which surroimds the conductors. l'ri>fcssi)r (Vr.-itcd dis- 
covered that a conductor is surrounded by a mapietic licld, 
which field varies with the current. I'roin what has been 
shown in the experiments with the I'arailay disk, an electro- 
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motive force is produced in a conductor when it is cut by a 
magnetic field. 

When the current in a circuit is changed, this magnetic field 
changes correspondingly, and in effect cuts the conductor, 
producing an electromotive force in it. This electromotive 
force has such a direction as to resist the change in current; 
in other words, the electromotive force tends to maintain the 
current at its previous value. This is similar to the effect of 
inertia in a body which produces a reactive force when the 
velocity is changed, the reactive force always resisting a 
cJmnge in velocity. The inductance of a circuit may be con- 
veniently defined in terms of the electromotive force which 
is produced by a definite rate of change of the current. When 
a rate of change of current of one ampere per second produces 
an electromotive force of one volt, the circuit is said to have a unit 
of inductance, and the name henry is given to this unit. 

Unit of Capacity. In the apparatus known as an elec- 
trical condenser there are plates of conducting material sepa- 
rated by sheets of insulating material or dielectric. When 
an electromotive force is applied to the terminals of such a con- 
denser a certain quantit}' of electricity will flow into it until 
it is " charged " to the same pressure as that of the applied 
circuit. The process of charging a dielectric consists of setting 
up an electrical stress in it which is analogous to the mechan- 
ical stress produced in a solid or fluid material when deformed 
under the action of a force. In "charging" a condenser 
the current will flow into it as long as the pressure at the 
terminals is increasing. A definite change in the terminal 
pressure will store a definite quantity of electricity in the 
condenser. The abilit\^ of a condenser to receive this charge 
is known as its capacity. The capacity may be defined either 
in terms of the quantity of electricity which will be held at 



ELECTRICAL AND MAGNETIC QUANTITIES. 65 

a given pressure, or in terms of the current which \nll flow 
into the condenser when the terminal pressure is changing 
at a definite rate. Either of these definitions will be per- 
fectly accurate, and it is convenient to be familiar with both 
of them. 

The capacity of a condenser, in farads, is numerically 
equal to the quantity of electricity in coulombs which it 
will " hold " under a pressure of one volt. Defined in 
another way, a condenser or other circuit has a capacity oj one 
farad when a rate of change of pressure of one volt per second 
at the terminals produces a current of one ampere. While the 
condenser has been referred to in defining capacit}', it should 
be noted that all circuits have capacity, as they consist of 
two or more conductors, separated by a dielectric, usually 
air. The farad, as defined, is an inconveniently large unit 
of capacity, and one millionth of it, the micro-farad, is the 
usual practical unit. 

Problems Illustrating the Units of Inductance and Capacity. 

The current in a circuit is changed from to 100 amperes 
in 0.005 second. The average counter-e. m. f. is 15 volts. 
What is the inductance of the circuit? 

Ans. 0.75 milli-henry. 

How many volts (average e.m.f.) will be required to reverse 
a current of 50 amperes in a circuit of 5 Henrys inductance in 
0.5 second? Ans. 1000 volts. 

The e. m. f . in a circuit alternates between 30,000 volts posi- 
tive and 30,000 volts negative, 60 times per second. What 
average current (charging current) will flow into the line 
with the receiver terminals open, if its capacity is 8 micro- 
farads? Afis. 28.8 amperes. 



o 

Arts. 0.128 micro-farad. 
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An underground cable system draws an average of 0.2 
ampere charging current, when the e. m. f . alternates between 
3000 volts positive and 3000 volts negative 260 times per 
second. What is the capacity of the cables? 

The Unit of Magnetic Field Strength or Intensity. From 
the interaction between current and magnetic field, shown 
by Experiments I and II, when the unit of current has been 
defined, that of field strength follows naturally. An addi- 
tional experiment with the apparatus in Fig. 25 modified 
by connecting two conductors in series will indicate an addi- 
tional and almost obvious fact. If two conductors connected 
in series, and therefore carrying the same current, are located 
in the same field, the reactive force between current and 
field will be twice as great as for one conductor. In other 
words, the force is proportional to the length of the conduc- 
tor. Similarly the electromotive force produced by the 
movement of the conductor through the field is proportional 
to the length of the conductor. 

The unit of field strength might then be taken as that 
which produces a unit of force, say a dyne or a pound, upon 
an ampere of current in a unit length of conductor. Or it 
could be that which produces a volt in a unit length of con- 
ductor moved at a unit velocity. As a matter of fact, the 
unit of field strength or intensity in general use is that which 
produces a dyne of force per centimeter length of conductor 
upon a current ten times as large as the ampere. This same 
field intensity produces an electromotive force of -nnr.Triir.innr 
volt in a centimeter length of conductor when the velocity 
is one centimeter per second.* 

A field of this value is said to have an intensity of one gauss, 

* The reason for the use of these apparently arbitrary constants will be 
evident after a study of the following section. 
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Problems illustrating^ the Unit of Field Strength. 

A motor armature contains 500 feet of active conductor 
(located in the field) carrying 50 amperes. WTiat is the 
average field strength when the tangential pull on the arma- 
ture is 1000 poimds? (Assume I lb. = 445,000 d\Ties.) 

Arts. 5840 gausses. 

The above machine is operated as a generator. Wliat is 
the e. m. f. if the conductors are connected in two circuits 
(250 ft. per circuit) and move at 2430 feet per minute? 

Arts. 550 volts. 

Definitions of Units in tlie C. Q. S. (Centimeter-Gram- 

Second) System. 

The definitions of the units in the practical svstem already 
given were based upon the arbitrani* legal standards and 
upon simple experiments easily reproducible. Underlying 
this system of units is a much more exact one based upon the 
reaction of the magnetic field upon a unit [X)le. A unit pole 
is by definition one which will react upon a similar pole with 
a force of one dyne at a distance of one centimeter. Such a 
pole when placed in a magnetic field gives a means of deter- 
mining the strength of the field directly in terms of force and 
distance. It gives, therefore, a theoretically perfect metJTod 
of definition, as force and distance can be very accurately 
measured. It is, however, a most difficult and cumbersome 
method to apply practically. When the unit pole is placed 
in the field, the force in dynes acting upon it is the strength 
of the field, or, more accurately, it is its intensity. 

Fundamental Units. 

Magnetic Field Strength or Intensity. \Vhen a unit pole 
is acted upon with a force of one dyne, the field surrounding 
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it has an intensity of unity in the C. G. S. system. The name 
gauss is given to this unit. 

With intensity of field defined, all other definitions follow 
naturally and logically in the C. G. S. system and in the fol- 
lowing order. 

C, Q. S. Unit of Electromotive Force. Experimental Facts. 
When a conductor is moved across a magnetic field there is 
produced in it a tendency to set up an electric current. This 
tendency is proportional to the intensity of the field and to 
the velocity of cutting. 

Definition of Unit. The C. G. S. unit of electromotive force 
is that produced by the cutting of a field of one gauss inten- 
sity at a velocity of one centimeter per second (in a direction 
normal to the field and to the conductor) by one centimeter 
of conductor. 

One hundred million times this is the volt. 

C. Q. S. Unit of Current. Experimental Facts. Under 
certain conditions the conductor is urged across the magnetic 
field. The force is proportional to the length of the conductor 
and to the strength of the field. The force indicates the pres- 
ence of an electric current in the conductor. 

Definition of Unit. The C. G. S. unit of current exists in 
a "conductor (located in a plane normal to the field) wjipn 
each centimeter is urged across a magnetic field of one gauss 
intensity with a force of one dyne. 

One-tenth of this unit is the ampere. 

C. Q. S . Unit of Quantity of Electricity. Experimental 
Facts. When a current flows for a length of time a definite 
amount of effect is produced. This is proportional to the 
current and the time, and the product is known as the quantity 
of electricity. 

Definition of Unit. The unit of quantity is that repre- 
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sented by the flow of one C. G. S. unit of current for one 
second. 
One tenth of this is the coulomb, 

C. Q. S. Unit of Electric Power. Experimental Facts. When 
current and electromotive force are present in a circuit a 
transformation of energ>" takes place. The rate of this is 
proportional to the product of current and electromotive 
force. In fact, since (in a magnetic field) electromotive 
force is proportional to the velocity, and current to force, 
this is evident from the definitions of these quantities. 

Definition of Unit, The unit of electric power is that 
represented by the flow of one C. G. S. unit of current under 
a pressure of one C. G. S. unit of electromotive force. 

Ten million times this is the watt. 

C. Q. S. Unit of Electrical Energy. Experimental Facts. 
The duration of electrical power represents a transfer of 
energy, the quantity of which is equal to the product of power 
and time. 

Definition of Unit. The C. G. S. unit of electrical energy 
is that represented by the flow of one C. G. S. unit of electric 
power for one second. 

Ten million times this is the joule. 

*C. Q. S. Unit of Resistance. Experimental Facts. By Ohm'g 
Law the resistance in a circuit is the ratio of the electro- 
motive force to the current. 

Definition of Unit. The C. G. S. unit of resistance is that 
in which one C. G. S. unit of current is maintained by one 
C. G. S- unit of electromotive force. 

One biUioa times this is the ohm. 

C« G« S. Unit off Inductance. Experimental Facts. A chang- 
ing current in a ciicuit produces an electromotive force which 
is proportianal to its rate of change. 



70 ELECTRICAL ENGINEERING. 

Definition of Unit, The C. G. S. unit of inductance is that 
in which the rate of change of one C. G. S. unit of current per 
second produces one C. G. S. unit of electromotive force. 

One billion times this is the henry. 

C. Q. S. Unit of Capacity. Experimental Facts. A quantity 
of electricity is stored in the dielectric separating the con- 
ductors of a circuit proportional to the applied electromotive 
force. The rate of change of this quantity, or the current, 
is proportional to the rate of change of the electromotive 
force. 

Definition of Unit, The C. G. S. unit of capacity exists 
in a circuit when a C. G. S. unit of quantity per C. G. S. unit 
of applied pressure is absorbed in the dielectric separating 
the conductors, or when a C. G. S. unit of current flows into 
the dielectric per C. G. S. unit rate of change of the electro- 
motive force. 

One billionth of this is the farad. 

Summary of Definition of Units. 

In viewing the definitions as a whole, it will be noted that 
these group themselves into two general classes. 

1. Definitions of properties of electric circuits. 

2. Definitions of conditions of electric circuits. 

There are but three properties of an electric circuit : resist- 
ance, inductance, and capacity These depend upon the 
material and dimensions of the conductors and upon their 
relation to each other. 

All of the other quantities defined represent conditions of 
the circuit when transmitting electric current or power, or 
when having a tendency to produce a current. It will be 
noted that properties have been in general defined in terms 
of conditions. It is only when the circuit is subjected to 
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certain ccmdidons that the properties become manifest. For 
example, electrical resistance is evident only when current is 
flowing; inductance, when current is changing: and capacity, 
when electromotive force is changing. Taking the corre- 
sponding mechanical analogies, mechanical resistance requires 
motion to bring it into action, inertia requires change of velo- 
city, and elasticity requires displacement. 



CHAPTER III. 
MATERIALS OF ELECTRICAL ENQINEERINQ. 

Outline. 

Conducting Materials: Copper — aluminum — iron and steel — alloys 
(german silver, manganin, fusible alloys) — carbon — liquids. 

Properties of Conducting Materials: Specific resistance — temperature 
coefficient — siunmary. 

Wire gauges. 

Magnetic Materials: Induction and Magnetomotive Force. 

Ewing*s Tlteory: Magnetic flux and flux density. 

Properties of Magnetic Materials: Permeability — hysteresis coefficient — 
retentiveness. 

Characteristics of Various Materials: Cast iron — cast steel — electrical 
steel — wTought iron — alloys. 

Insulating Materials: Electrical properties of dielectrics. 

Rupturing Gradient: Specific inductive capacity — specific resistance. 

Dielectric Materials: Air — glass — porcelain — mica — rubber — paper 
— fiber — cloth — yam — waxes — varnishes — oils. 

The historical surv^ey of electrical devices which has been 
made in Chapter I has indicated that in a motor, generator, 
or other electrical apparatus, there are magnetic materials 
in which the magnetic field may be produced; conducting 
materials for carr>^ing the current; and insulation for electri- 
cally separating the conductors from surrounding material. 
These different materials must possess mechanical strength 
so that they may keep their proper form, and in many cases 
additional mechanical support must be provided for the electric 

and magnetic circuits. The general principles of mechanics 
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and machine design apply to the supp)ort of electric conduc- 
tors whether these form parts of electric machines or of trans- 
mission circuits. 

For convenience all of these materials may be classified as 
follows: 

(i) Materials used for the mechanical supp)ort of electric 
and magnetic circuits. 

(2) Conducting materials of electric circuits. 

(a) Materials used for conducting current economically; 
copper, aluminum, iron and steel. 

(6) Materials used for controlling the flow of current 
(resistance materials); iron, steel, german silver, manganin 
and other alloys. 

(3) Magnetic materials. 

Iron and steel are the only materials suitable for the 
construction of magnetic circuits. 

(4) Dielectric or insulating materials. 

For the mechanical support of conductors and magnetic 
circuits the general principles of machine design apply. 
As this subject is beyond the scope of the present purpose, 
materials used for this purpose will not be discussed. 

Conducting Materials. 

By the term "conducting materials" is meant those in which 
the resistance is small compared with others. Materials 
were separated by Du Fay into conductors and non-conduc- 
tors as a result of his experiments, which showed that those 
materials which electrify most readily by rubbing conduct a 
charge with the greatest difficulty. On the other hand, 
those which conduct readily do not receive any considerable 
charge by rubbing. While it is tnie that all materials conduct 
electricity to a certain extent, the difference between the resist- 
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ance of conductors and non-conductors is so great that there 
is no difficulty in distinguishing between them. For example, 
the relative conductivity of a good conductor raay be as hi^ 
as ten raised to the 20th power to one. The best conductors 
are pure metals, and metals are the only conductors now used 
for transmitting power economically. Steel, while not a 
pure metal, is necessarily used for the return circuits of 
electric railways. Alloys are used for resistance materials, 
that is, those the purpose of which is to control the flow of a 
current or to transform electrical energj' into heat. As an 
example of the latter use of conductors may be cited the 
employment of current in coils of wire to produce heat in 
street cars. In addition to alloys, liquids and carbon are also 
used as resistance materials. 



Various Materials. 
Copper. Copper is the most important conductmg mate- 
rial for all kinds of service. It is the best all around conductor 
because with a given cross-sectional area it has the greatest 
conductivity. It is used for the distributing systems of rail- 
ways and lighting and power installations. Where mechan- 
ical strength is not of great importance tlic copper is " soft 
drawn," while for trolley wires and transmission lines in 
which hardness and tensile strength are important it is " hard 
drawn." Copper occurs in nature in two forms, — the sulphide 
ores and the conglomerate or native copper. In the latter 
form the copper is in a metallic state, and in masses varj-ing 
from a few grams to many tons weight. In preparing the 
sidphide ore for use in electrical conductors it is first " roasted " 
to remove the sulphur, then melted and run into rough ingots. 
The conglomerate requires no roasting. The metal is sepa- 
rated from the binding material by stamping, which pidverizes 
the material in which the copper masses are held. The lighter 
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substances are washed out. and the cc^per is cast into slabs 
for refining. 

For electrical purposes the best copper is that which is 
electrolyticaUy refined. There are numerous impurities which 
cannot be removed by the roasting and smelting processes. 
Electrolysis offers an easy means for separating the copper, 
silver, and impurities from each other. In refining, the ingots 
are surrounded with heavy bagging and suspended in a nearly 
saturated solution of copper sulphate. Current is sent through 
the liquid from the ingpts to plates of pure copper forming 
the negative terminals of the bath. The copper is thus dis- 
solved from the impure ingpts and is deposited upon the nega- 
tive plates in a practically pure state. .As only copper is 
dissolved from the ingot any rare metals present will be left 
behind in the bagging and may be dissolved and deposited. 
After the pure copper has been deposited in this manner it is 
remelted and cast into ingots of the proper size for rolling. 
In the rolling mill the ingot is reduced to a rod somewhat 
larger than the wire which is to be made from it. It is 
maintained at a red heat during this process. Wire is made 
from the rods by drawing through dies of diminishing size until 
the desired diameter is reached. During the process of drawing 
the metal has a tendency to harden, and it must, therefore, be 
annealed from time to time. The difference between hard 
and soft drawn wire is made entirelv bv the number of times 
which it is annealed during the drawing. 

Aluminum. Aluminum is one of the most plentiful metals 
in nature, but it has been until recently very expensive to 
recover. All forms of clay contain it. but even with modem 
processes it is not practicable to reduce the metal from any 
but the purest oxides. The metal cannot be directly smelted 
from its ores on account of their highly refractory nature. The 
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direct source of the metal is the oxide known as alumina 
(A1,0,). This alumina is produced from the mineral bauxite 
which occurs in some of the southern states and in Europe. 
The process of producing alumina from bauxite is roughly 
as follows: It is first roasted to drive off organic matter and to 
oxidize the iron present. It is then crushed in a stamping 
machine and the aluminum dissolved out with sodium hydrox- 
ide. The insoluble residue is discarded, and carbon dioxide 
is forced through the sodium aluminate, foniiiiig sodium car- 
bonate and precipitating aluminum oxide. The precipitated 
alumina, after washing and drying, is shipped to the smelting 
works in the form of a white powder. In order to subject 
the alumina to the action of electrolysis it is necessary to 
dissolve it in fused cryolite, the double fluoride of aluminum 
and sodium. The cryolite is contained in a carbon-lined iron 
box and is kept liquid by the heat due to the flow of the current 
through the resistance. The current passes from large carbon 
rods in the center to the carbon lining. As alumina is dissolved 
in the bath the metal is reduced at the negative terminal or 
lining, and the higli temperature of the bath keeps it molten. 
As it is heavier than the cryolite it remains on the bottom of 
tiie furnace, from which it is removed in practically pure state. 

The production of wire from aluminum does not differ 
materially from the process already described for copper. 
The wire, however, is always made stranded; that is, each 
wire is made up of numerous smaller ones spirally wrapped 
together. This is essential, as it is impossible to keep occa- 
sional impurities out of the wire. Such impurities are a 
serious cause of breakage. 

Pure aluminum has about one-third the specific gravity of 
copper arid a much lower conductivity. An aluminum wire 
of the same conductivity as a copper wire will have an : 
at least 60 per cent greater if pure, and up to \ 




to 70 per cMit J 

d 
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greater if allojred with other metal to increase tensile strength. 
Its wei^t will be sh^tly over one-half that of the copper, so 
that the two metals may be sold in competition, on the basis 
of conducti\'ity, when aluminmn costs nearly twice as much as 
copper. The tensile strength of aluminmn is much less than 
that of copper, even on the basis of equal conducti\'ity. Per- 
rine gives a value of about 33,000 pounds per square inch 
for hard drawn aluminum, and nearly twice that value (about 
60,000 pounds per square inch) for hard drawn copper. 

Problem Illustrating the Comparative Qualities of 

Aluminum and Copper, 

In a transmission line three hard drawn copper wires, with 
a conductiinty 97 per cent as great as pure copper, are 
emploj'^ed. The wire is 0.182 inch in diameter, and there are 
9.98 feet of it in a pound. Determine the following item: a, 
tensile strength of copper line; 6, tensile strength of an alumi- 
num line of same conducti\nty; c, feet per poimd of this alumi- 
num wire; d, diameter of the aluminum wire; e, price per pound 
of aluminum equivalent in conductivity to copper, when the 
latter is 16 cents per pound. 

Ans. a. 1561 pounds; h. 1332 pounds; c. 19.3 feet; 

d. 0.227 inch; c. 3 1 cents. 

Iron and SteeL The conductivity of iron and steel is 
small compared with that of copper and aluminum. Pure 
iron has nearly six and hard steel about twelve tinios the 
resistance of copper. They have, however, high tensile 
strength, and where this rather than conductivity is the im- 
portant consideration they are less expensive than copper. 
They are used largely in telegraph and telephone service, 
but copper is gradually displacing them. In very long spans 
in high tension transmission lines steel is occasionally used 
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on account of its strength and in spite of its low conductivity. 
As the service rails of electric railways are usually used as the 
return circuit, the conducting properties of steel are of prac- 
tical importance in that class of service. 

Pure iron is very difficult to obtain, and it is expensive, so 
that steel is used in its place wherever possible. Both iron 
and steel must be galvanized to protect them from oxidation. 

Problem to Illustrate Relative Conducti-vily of 
Steel and Copper. 
A track is built of 66-pound rails (66 pounds per yard). 
The rails are 30 feet long, and the lengths are " bonded " 
together with 30-inch round copper bonds. Assuming a con- 
ductivity of one-twelfth that of copper for the steel, what 
should be the cross-section of the bonds to give a bond resist- 
ance equal to one-fifth that of the rails? (Steel rails wcigli 
0.280 poitnti per cubic inch.) 

Afis. 0.227 square inch. 
Alloys. The union of two or more metals differs materi- 
ally in its properties from the constituent metals. This alloy 
may have one or more of the following characteristics: 

(a) Increased tensile strength. 

(b) Increased resistance. 

(c) Decreased melting temperature. 

(d) Decreased change of resistance with temperature. 

As increased tensile strength is usually secured at a sacri- 
fice of conductivity, alloys are employed for this purpose only 
when hard drawing will not produce the desired result. The 
high resistance of alloys renders them desirable for use as 
resistance materials, especially as this high resistance is rea- 
sonably constant with varying temperature. In some cases 
the low melting temperature secured by alloying is a desirable 
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feature. This is the case in fuses which are intended to melt 
and open a circuit when the current exceeds a certain value. 

German Silver. German silver is an alloy of copper, 
iiickel, and zinc of varying proportions. Average values of 
the compoimds may be taken as 56 per cent copper, 20 per 
cent nickel, and 24 per cent zinc. The resistance of this alloy 
is nearly fifteen times that of copper. It is, therefore, con- 
venient for use in resistance coils used for controlling the flow 
of current or for producing heat from an electric current. 

Manganin. In connection with electrical instruments a 
resistance metal is necessary- which shall have a constant 
resistance regardless of the temperature. Large currents are 
usually measured by sending them through " shunts " across 
the terminals of which are connected delicate voltmeters. 
In the construction of these shunts an alloy of copper, ferro- 
manganese, and nickel is used. It is remarkable for its 
high resistance, nearly thirty times that of copper. More 
important still, this resistance is practically constant for all 
ranges of temperature. 

Fusible Alloys. By the combination of tin, bismuth, 
and lead, it is possible to make alloys which will melt at very 
low temperatures. For example, a combination of one part 
of tin, two of bismuth, and one of lead, will melt at less than 
100 degrees Centigrade. These alloys are formed into wires 
or strips and soldered between copper tenninals. Wlieii con- 
nected in electric circuits they act as safety fuses, melting 
when the current produces an excessive temperature. 

Carbon. While not as good a conductor as the metals, 
carbon is an important conducting material. The " brushes " 
through which current is conducted to and from direct cur- 
rent motors and generators are made of carbon, as are also the 
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filaments of most incandescent lamps. The " carbons " of 
arc lamps are obviously of this material. Carbon has a higli 
resistance compared with that of copper, and this resistance 
may be made greater or less by different processes of manu- 
facture. By suitable combinations of the graphitic and amor- 
phous forms it may be adapted to various uses in electrical 
work, such as those specified. 



Liquids. For the control of current it is often convenient 
to use a liquid resistance. Pure water is a non-conductor, 
but if small quantities of salt, sulphuric acid or other substance 
be dissolved in it, any desired degree of conductivity may be 
secured. Liquid resistances are particularly convenient for 
absorbing power in electrical testing, and they are sometimes 
used for more permanent work. The liquid is usually carried 
in a wooden box, known as a " water box." Metal terminals 
are immersed in the water, and the resistance is adjusted by 
varj'ing the area of immersion of the tentiiiials or by alter- 
ing the distance between them. The resistance is further 
affected by the amount of foreign materia! in the water. 

Properties of Conducting Materials. 

Specific Resistance. As a basis of comparison the resist- 
ance of a sample of given dimensions is most convenient. 
The resistance between two opposite faces of a centimeter 
cube of a material is called its specific resistance. For practical 
purposes materials are usually compared by reference to wires 
one foot long, one -thousandth of an inch in diameter, and of 
circular cross-section. The area of a wire one-thousandth of 
an inch or one mil in diameter is called a circular mil. and the 
dimensions of the wire are covered by the terra circular mil- 
foot or simply mil-foot. The resistance of any wire may be 
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calculated if the dimensions and the specific resistance or 
the resistance of a mil-foot are known. The resistance is: 

WTiere / is length, R^p is the specific resistance, or the 
resistance of a mil-foot, and A is the area. 



Illustrative Problems. 

If the resistance of a mil-foot of copper is 10 ohms, what 
will be that of a wire lO miles long and 0.25 inch diameter? 

Ans, 8.45 ohms. 

A sample of alimiinmn wire one-half inch in diameter under 
test shows a pressure drop of 0.0192 volt in a length of three 
feet with a current of 100 amperes. Wliat is its specific resist- 
ance in C. G. S. imits, and what the resistance of a mil foot in 
ohms? Ans. 2660 C. G. S. imits; 16 ohms. 

Temperature Coefficient. The resistance of all metals 
varies with temperature, the variation of pure metals being 
a rise of about four-tenths per cent per degree C. The tem- 
perature coefficient is the proportional (not per cent) change in 
resistatice per degree C. from degrees. This may be reduced 
by combining different metals. These facts arc suinniarized 
in the follo^^dng table: 

Table of Specific Resistances a\i> TKMPKRvrrRi: (^)kffi('ikms 

FROM O DeCRKIS. 



lUteriAl. 



Copper (soft, pure) . 
Aluminum (soft, pure) 
Iron (soft, pure) . . . 
German Silver, average 
Manganin, average 



Resistance of round 
wire I ft. long, .001 
ID. diameter at o C. 



Temperature 
Coefllcientt. 



9 612 

16.02 

60.00 

127 .00 

291 .00 



.004284 
.0039 

.00453 

.00044 

i .00001 
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IllustrcUive Problems. 

The field coils of a street railway motor have a resistance 
of 0.25 ohm at a temperature of 70° Fahr. After operating 
for some time the resistance is again measured and is found 
to be 0.31 ohm. What has been the average rise of tempera- 
ture of the coils? Ans. iog.6° Fahr. 

The resistance of the filament of an incandescent lamp at 
a temperature of 20^ C. is 50.1 ohms. When operating 
under normal conditions at a temperature of 2000° a pressure of 
no volts sends a current of 0,37 ampere through the filament. 
What is the average temperature coefficient of the filament? 
(This is a tantalum lamp.) Ans. 0.00262. 

Summary of Properties of Conducting Materials. The 
following synopsis shows in brief the principal engineering 
features of the various conducting materials and a few of 
their applications. 

Copper. Best conductivity, smallest surface; can be hard 
drawn without great loss of conductivity. Used for indoor and 
outdoor work where insulation is needed and where space must 
be economized, and for conductors in electrical machinery. 

Aluminitm. Light weight; used for transmission lines 
which are not insulated, its large surface making insulation too 
expensive. 

Iron and Steel. Used sometimes as feeders and contact 
rails on account of durability and large surface exposed, and 
practically always as street railway return circuits. As 
street railwaj's must have the rails, these are used for return 
as a matter of course. As a resistance material, iron is very 
satisfactory, as it exposes a considerable surface for radiation 
and is cheap. 

German Silver. High specific resistance. Fairly low tem- 
perature coefficient. Used in resistance boxes to some extent. 



J 



MATERIALS OF ELECTRICAL ENGINEERING. 83 

Manganin. High specific resistance, low temperature coeffi- 
cient. Used for resistance and for shunts for measuring instru- 
ments. 

Carbon. High resistance. Used for resistances, and for 
brushes for electrical machines. Also in arc and incandescent 
lamps. 

Wire Gages. Conductors for electric circuits are made 
of round or rectangular wire, the former being used for all 
kinds of transmission circuits, the latter for certain parts of 
electrical machines. Roimd wire is manufactured in certain 
definite sizes in accordance with the American or Bro^^n and 
Sharp (B. & S.) gage. This gage covers sizes from No. 0000 
to No. 40, the former being 0.46 inch and the latter 0.00314 
inch in diameter. In this gage the area practically doubles 
every three sizes, beginning with No. 40, so that No. 37 is 
twice as large as No. 40, No. 7 twice as large as No. 10, etc. 
The data for the wires of the American gage are given in tab- 
ular form in the appendix. Conductors larger than No. 0000 
are known by their areas in circular mils, while the sizes of 
these smaller than No. 40 are given by area or diameter. 
Very large conductors are often stranded, and are rated by 
the net area of copper in circular mils. 

Magnetic Materials. 

The ftmdamental facts regarding magnetism, knowTi long 
before the time of Gilbert, were: 

(a) that orJy iron is attracted to lodestone, 

(6) that the attractive property may be transmitted from 
the lodestone to the iron, so that the latter in turn will attract 
other iron. Evidently iron possesses some quality not inherent 
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in other metals, and iron and some of its derivatives are called 
Magnetic Materials to distinguish them from others in this 
particular. 

Induction and Magnetomotive Force. 

When a piece of iron is placed in a magnetic field it becomes 
a magnet. This operation of making a magnet of the iron is 
called induction, the magnetic field indiicing the attractive 
quality in it. The ability of the field to induce the attractive 
quality is called magnetomotive force. The magnetomotive 
force may be produced either by a previously magnetized 
piece of magnetic material or by a coil of wire carrying a current. 
The material in which a given strength of field produces the 
greatest effect is the best magnetic material. 

E wing's Theory. The commonly accepted explanation 
of magnetic induction of iron is that proposed by Professor 

\ / - ^ 

Fig. 27. Diagrams representing molecular magnets arranged in accord- 
ance with Ewing's theory of magnetism. 

J. A. Ewing. If each molecule of a magnetic material is a 
natural permanent magnet with north and south poles, the 
various magnetic phenomena may be explained. Such mag- 
nets when placed in a magnetic field will tend to place them- 
selves in line with that field. Before a piece of iron is mag- 
netized the attractions of the molecular magnets for each 
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other prevent the production of any external attraction. 
If, however, the molecules are subjected to an externally 
applied directing force such as that produced bj' a magnet 
or a coil of wire carrying a current, they will tend to take the 
direction of the force. The molecules which were previously 
arranged in stable groups within the iron now tend to assist 
the directing force by their attractions for each other. The 
external efifect then becomes the sum of the applied magneto- 
motive force and that produced by the molecular magnets. 
So great is this ability of the molecular magnets to increase 
the magnetomotive force that the combined effect may be 
several thousand times that of the field alone. This property 
is given the name magnetic permeability, 

Ewing's theory affords a satisfactory explanation of mag- 
netic induction. It is seen that this well-known property of 
the magnetic field is due to its ability to bring out the 
latent magnetic property of the iron. 

Magnetic Flux and Flux Density. The " attractive prop- 
erty " of a magnetic field was used in Chapter II to define its 
strength or intensity. It is very convenient for practical 
purposes to consider the field as filled with a certain flux just 
as a conductor is said to carry a current, although of the nature 
of flux or current very little is known. A field of unit inten- 
sity is said to have a unit of flux in each square centimeter 
of cross-sectional area. In other words, in non-magnetic 
materials, a unit of intensity of flux is the satne as unit intensity 
of field. The name maxwell is given to a unit quantity of 
flux, and one maxwell per square centimeter in non-magnetic 
materials is the same as the gauss. (In magnetic materials 
the flux produced by the molecular map;nets is added to that 
of the field.) The unit of magnetomotive force is given the 
name gilbert. An ampere of current flowing through one 
turn of wire produces 1.257 gilberts of magnetomotive force. 
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In a magnetic material a gilbert of applied magnetomotive 
force will produce much more flux than it would in a non- 
magnetic material due to its permeability. The permeability, 
which can only be detennined experimentally, is numerically 
equal to the ratio between the flux per square centimeter 
produced by a gilbert per centimeter in a magnetic material 
and in non-magnetic material. The latter is said to have 
a permeability of unity, a fjilbert jjer centimeter producing unit 
density of flux. 

Problems Illustrating Magnetic Units. 
Express a field intensity of 10,000 gausses in maxwells per 
square inch. Ans. 64,500. 

The e. m.f. generated in a conductor is proportional to the 
product of flux density, length of conductor and velocity. 
In the C. G. S. system it is equal to this product. The average 
e. m. f. (in the C. G. S. system) is equal to the total flux divided 
by the time in which it is cut. 

Let B = flux density in maxwells per square centimeter. 
' total flux in maxwells. 
I ■= length of conductor in centimeters. 
■V = velocity of conductor in cms. per second. 
( = time of cutting the field in seconds. 
Then e. m. f. = Blv. 




B = 



e .m. f. 



vtl 



t 



In the air gap of the generator shown in Fig. 28 a flux of 
2,000,000 maxwells exists under each pole. At a speed of 
1200 r, p. m. what e. m. f. is generated in each conductor on 
the armature? Ans. 0.8 volt. 
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If the poles cover 70 per cent of the armature surface of 
the above generator, and the armature is one foot long, one 
foot in diameter, and the field strength is 5000 gausses (flux 




Pio. 28 Diagrammatic representation of electric generator illustrating 

problem. 

density 5000 maxwells per sq. cm.) at the armature surface, 
what average e. m. f. is generated in each conductor? 

Aus. 2.034 volts. 

The mechanical force is proportional to the product of 
flux density, length of conductor and current. In the C. G. S. 
system it is equal to this product. 

Let / — mechanical force in djmes acting upon the con- 
ductor. 

/ =" length of the conductor in centimeters. 
B — flux density in maxwells per square centimeter. 
/ =« current in conductor in C. G. S. units. 
Then / = Bir 

In pounds the force will be approximately / divided by 
445*000 

In the two preceding problems calculate the force in pounds 
upon each conductor tending to resist the motion of the arma- 
ture when the current in each conductor is 25 amperes. 

Ans. 0.336 lb. iiiaxiimnn force. O.857 pound. 
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Properties of Magnetic Materials. 

The magnetic properties of iron and steel are, according 
to Ewing's theory, due to inherent molecular magnetism giving 
rise to permeability. The process of magnetizing iron con- 
sists in displacing the molecular magnets, and this involves 
a loss of energy which reappears as heat. The cause of the 
loss is ^ven the name hysteresis. The amount of energy 
lost in magnetizing and demagnetizing a unit volume of 
material is the hysteresis coefficient of the material. As this 
is most important in alternating current work, the coefficient 
is given for a complete cycle of magnetization, comprising a 
magnetization in one direction, then in the opposite direction 
and back to the original condition. Steel which is to be used 
for permanent magnets must have the ability to retain its 
magnetism after the applied magnetomotive force is removed. 
Even the softest iron will produce some external flux after 
having been subjected to a magnetizing force, but this is 
easily removed by mechanical vibration or by the applica- 
tion of a small demagnetizing or coercive magnetomotive force. 
In hard steel ^the magnetism is more permanent, and the ability 
to retain the attractive property is called retentiveness. 

Permeability (Symbol fi ). Permeability is somewhat 
analogous to specific conductivity in conducting materials, 
but is much less constant. It varies with the following quan- 
tities : 

(a) Flux density. 

(6) Chemical composition. 
(c) Physical treatment. 

Effect of Flux Density upon fi. In any given sample of iron 
the magnetic flux density will increase with magnetomotive 
force as shown in Figs. 29, 30, 31, and 32. A unit increase 
of the latter at first produces very slight change in flux density 



MATERIALS OF ELECTRICAL EXGIXEERIXG. Sg 

but this increases to a certain point and then decreases. As 
the permeabiUty is the ratio of the flux density to the magneto- 
motive force per unit length, it mav- be calcidated from the 
B-H curve. Its values are plotted against flux density in 
the same figures. The variation in permeability is so great 
that it is necessary to use an experimentally determined 
curv-^e for each material in all problems involving the use of 
iron or steel. 

Effect of Physical Treatment upon /». In general any treat- 
ment which restricts the freedom of motion of the molecules 
decreases permeability. Hardening does this, while anneal- 
ing has the opposite effect. Similarly heat increases per- 
meability up to a very hi^ temperature, while chilling pro- 
duces the same effect as hardening. 

Effect of Chemical Composition upon fi. Pure iron is the 
best magnetic material, but it is difficult to obtain. Commer- 
cial iron contains a number of impurities, the most important 
being combined carbon. This is, in many cases, a necessar>^ 
constituent, added to improve mechanical qualities or to 
permit casting. The effect is always to lower the p>erinea- 
bility. The extreme case is cast iron with from 0.2 to 0.8 
per cent of combined carbon and from 3.0 to 4.5 per cent 
total carbon which reduce m to about one-half the vahies 
of pure iron. On the other hand, cast steel with about 0.25 
per cent combined and no graphitic carbon has a high peniiea- 
bihty. It is possible to improve the mechanical properties 
of iron by the addition of other metals, such as nickel, man- 
ganese and aluminum. These metals do not seriously lower 
the permeabiUty, while the tensile strength is considerably 
increased. 

Hysteresis Coefficient (Symbol v)- High pemieability is 
accompanied by small h3^steresis loss, as the molecules will 
absorb the least energy when most mobile. 
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The hysteresis loss varies with the flux density in accord- 
ance with a law experimentally determined by Dr. Steinmetz. 
Steinmetz's law states that the loss by hysteresis is propor- 
tional to the one and six-tenths power of the flux density. The 
coefl&cient, however^ is constant for any sample of iron if its 
physical condition is not altered. The values of v are given 
as the ergs per unit of volume, per cycle of magnetization 
and per imit of flux density. The numerical values will 
depend upon the units employed. 

The hysteresis loss in watts is, 

_ 'VX B'^ X V X f 

where v is the hysteresis coefficient; 

B is the maximum value of flux density; 

V is the volimie; 

/ is the number of cycles of magnetization per imit of 
time. 

Iron for use with alternating flux should have a coefficient not 
over o.ooi, with B in maxwells per square inch, V in cubic 
inches and / in cycles per second. 

The coefficient is increased by the presence of impurities 
to such an extent that it is necessary to employ practically 
pure iron for use with alternating flux. At present the 
improvements in the quality of iron for generator and motor 
armatures and transformer cores are largely through better 
physical treatment, particularly in annealing. Iron annealed 
for minimum hysteresis coefficient is sensitive to overheating 
in service. If overheated (e.g., above 90° C.) the coefficient 
increases after a time, producing the phenomenon called 
ageing. 
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Problem Illustrating the Use of the Hysteresis 
Coefficient. 

A generator has four poles, and its armature makes 800 rev- 
olutions per minute. The maximum flux density in the core 
is 80,000 maxwells per square inch, and the volume of the core 
carrying flux is one cubic foot. What is the hysteresis loss ? 
(Assume 1; at O.OOIO in inch system, with frequency in cycles 
per second.) Ans. Approximately 0.3225 K.W. 

Retentiveness. Steel for use in permanent magnets must 
retain its magnetism against the action of vibration and other 
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Fio. 39. Curves showing magnetic qualitit 
cast iron. (This and Figs. 30, 31 and 31 
of the Am. Soc. for Testing Materials.) 
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demagnetizing agencies. Any treatment which tends to 
restrict the motion of the molecules increases retentiveness. 
High carbon steel, hardened to a maximum degree, makes, 
therefore, the best permanent magnets. Such steel when 
once hi^y magnetized will retain its properties for an indefinite 
time. The strongest magnet can be produced by subjecting 
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the steel to a magnetizing force when hot, and chilling it with- 
out removing the magnetizing force. 

Characteristics of Various Magnetic Materials. The im- 
portant materials are cast iron, cast steel, electrical steel (in 
sheets) , wrought iron, iron alloys. 

Cast Iron. Cast iron is a very useful material on account 
of its cheapness and the ease with which it can be molded. It 
can be used only with steady flux, as the energy losses with 
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even slightly variable flux are excessive. When generator and 
motor parts for carrying magnetic flux are made of cast iron 
they are twice as heavy as when made of steel, as the perme- 
ability of the latter is twice as great as that of the former. 
The gray cast iron used for magnetic purposes has an average 
chemical composition as follows: carbon (comb), 0.5 per cent; 
graphite, 3.0 per cent; phosphorus, 0.8 per cent; sihcon, 2.0 
per cent; manganese, 0.5 per cent; sulphur, 0.06 per cent. The 
castings should be as soft as possible. Cast iron is not mechan- 



MATERIALS OF ELECTRICAL ENGINEERING. 



93 



icaHy strong, its average tensile strength being l6,000 pounds 
per square inch, and its compressive strength 90,000 pounds 
per square inch. 

Cast Steel. Cast steel has all of the merits of cast iron except 
that of cheapness. As its permeability is high it makes lighter 
magnet cores than cast iron, and it is therefore used wherever 
lightness or small volume is an important consideration. 
Examples of such cases are found in railway motor frames. 
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and in pole cores of motors and generators. Railway motors 
must be compact to permit them to be placed in restricted 
space, and hght to minimize " dea<l weight " carried by the 
car. Pole cores must be small to save copper in the coils 
placed upon them, the weight of copper being proportional to 
the periphery of the core. Average steel for castings has a 
chemical composition of carbon (comb.), 0.25 per cent; phos- 
phorus, 0,08 per cent; sihcon, 0.20 per cent; manganese, 0.50 
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per cent; sulphur, 0.05 per cent. The best results are secured 
vben the casting are soft. Cast steel is only used with steady 
Bux. Cast steel is mechanically stronger than cast iron, an 
average tensile strength being 6o,000 pounds per .square inch, 
and compressive strength 200,000 jwunds per square inch. 
These figures are merely suggestive, as the strength of irons 
and steels varies greatly with hardness as weD as with chem- 
ical composition. 

Electrical Steel. Parts of electrical machines which carry 
■hemating fiux must be made of practically pure iron. Such 
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their own annealing to insure the best results. Good steel 
sheets contain approximately: carbon, 0.05 per cent; silicon, 
trace; manganese, 0.3 per cent; sulphur, 0.03 per cent; phos- 
phorus, O.IO per cent. While mechanically weak in itself, 
sheet steel may be so supported by iron or steel castings or 
forgings as to permit the laminated structure to withstand the 
great strains brought upon it. 

Wrought Iron. Iron forgings are seldom used in electrical 
machines at the present time, because steel castings are cheaper 
and just as effective. At one time forgings were frequently 
employed for magnetic circuits. 

Steel Alloys. Occasionally a case arises in which great 
mechanical strength and rehability combined with excellent 
magnetic qualities are requisites. An alloy of steel and 
nickel or some other metal may possess the desired character- 
istics. As such forgings are very expensive they are em- 
ployed only when absolutely necessary. 

Insulating Materials. 

In order to prevent leakage of current between conductors 
in an electrical machine or transmission line, it is necessary 
to insulate them by means of dielectric materials. Wires 
are covered with insulation of cotton, asbestos or rubber. 
They are mounted upon glass or porcelain insulators, or if 
wound upon an armature or field core the coils are surrounded 
by mica, oiled cloth, or paper or cloth tape in addition to the 
covering upon the wire. In transfoniiers, in addition to other 
insulation, the coils are frequently immersed in oil which inipreg;- 
nates and supplements other insulating material. Anion«z; the 
important dielectrics are the following: air, glass, mica, porce- 
lain, rubber, asbestos, paper, cloth, paraffin, wax, shellac, 
copal, sulphur, various oils and combinations of two or more 
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of these. Evidently these materials are of different mechan- 
ical fonns, some being fluid, others solid; some may be %vorked 
with tools, others must be molded to form; some have stability, 
others must be supported. There is, however, a place for 
every good dielectric material, as the requirements are varied. 
Each substance must be selected for its particular purpose 
with the following considerations taken into account: 

{a) Electrical properties. 

(6) Mechanical fitness; strength, fluidity, ease of working, 
durability, and other items as the circumstances dictate. 

(c) Heat-resisting ability. 

((/) Durability under action of weather and chemicals. 

Electrical Properties of Dielectrics. In order to judge the 
merits of dielectrics as such, a linowledgeof certain distinctive 
properties is necessary. The most important is the amount 
of electric pressure which a given thickness of the material 
will withstand without puncturing. This raaj" be tenned the 
dielectric strength of the material. 

Electric Pressure Rupturing Gradient. Dr. Steinmetz has 

given this name to the number of volts per inch of thickness 
necessary to rupture the material. This is the most important 
property of dielectrics, as their function is primarily to pre- 
vent the passage of current between conductors. As a rule 
the break-down is sudden, the strain being withstood without 
leakage until the break-down value has been reached. The 
gradient varies between one million and ten thousand volts 
per inch, one of the best materials being linseed oil paper, and 
one of the poorest, air at ordinary pressure. 

Specific Inductive Capacity. This is the ratio of the quan- 
tity of electricity taken up by a given volume of a dielectric to 
that taken up by the air at the same pressure. If an e. m, f. is 
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maintained between two conducting plates separated by air or 
other dielectric, there will be a certain quantity of electricity 
absorbed in each dielectric per unit of applied pressure. If 
the quantity absorbed by a volume of air of given dimensions 
be known then the corresponding quantity for another mate- 
rial will be the product of this by the specific inductive capacity 
of the other dielectric. WTiile this property has no direct 
influence upon the dielectric strength it may be of importance 
if the quantity of electricity absorbed is ver\' great and espe- 
cially if the applied pressure is alternating. 

Specific Resistance. WTiile of the greatest importance in 
conductors, resistance is of little importance in insulating 
materials compared with dielectric strength. Any material 
which is satisfactory^ in other ways will be entirely so in this 
feature. The resistance of the poorest dielectric is very much 
greater than that of the poorest conductor. 

Dielectric Materials. 

For convenience the dielectric materials mav be divided 
into gases, liquids and solids. 

Air and other Oases. The insulating properties of air are of 
practical importance as the wires of transmission lines are, as 
a rule, not covered. Even in the case of iiianv covered wires 
the insulating covering is depended upon only as a precaution, 
the wires being installed so that the air furnishes the principal 
insulation. Air as a dielectric, has many peculiarities, the 
most important being that the rupturing gradient depends 
upon the length of path between the conductors separated by 
the air.. The gradient may be more than ten times as great 
for a very short path, e. g., a quarter inch, as for a long path, 
e. g., forty inches. The gradient also depends upon the air 
pressure, being much greater for high than for low pressure. 
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The specific resistance of air is so high that no leakage can ordi- 
narily occur through it. When the pressure approaches the 
rupturing value, current Sows out into the air in the well- 
known brush discharge. When this phenomenon appears the 
pressure is too high for satisfactory operation as it represents 
a power loss and it indicates a small factor of safety from 
rupture. 

Glass and Porcelain. Insulators for supporting electric con- 
ductors are usuallj' made of glass or porcelain or both. The 
materials are easily molded to any form and they possess 
excellent electrical and fair mechanical properties. The 
rupturing gradient may be a rjuarter million volts or more per 
inch which permits insulators to be made as thin as mechanical 
strength will allow. It is usually the air distance around the 
insulator rather than that through the glass or porcelain that 
determines the resistance to rupture. The inductive capacity, 
while somewhat greater than that of air is not enough to cause 
appreciable loss of power. 

Mica. Mica is an excellent insulator electrically, but its 
mechanical properties render its application difficult. Its 
heat resistance renders its use necessary in many cases. The 
sheets must be assembled in such a way that they are required 
to take no mechanical strain except pressure. Mica is used 
entirely for separating the segments in commutators and 
for insulating the segments from the supporting structure. 
Cemented into large sheets with shellac or varnish a material 
known as micanite is produced. This is useful for lining slots 
in the armatures of generators and motors, for field spools 
and for other uses where reasonable mechanical strength is 
neces.'iary. 

Rubber. Rubber is an excellent insulator and is used prin- 
tcipally for its water proofing qualities. Its principal field of 
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application is in the insulation of wires. A layer of soft 
rubber is applied to the tinned surface of the conductors, the 
tinning being necessary to prevent the action of the sulphur 
of the rubber upon the copper. The rubber coating is mechan- 
ically protected by cotton braids impregnated with mineral 
wax compound. Rubber will not stand heat so that when 
used it should not be raised to such temperatures as will 
soften it. It is also a source of fire risk for it bums freely when 
ignited. In general its use is discouraged in locations where fire 
is apt to originate but in damp locations it is preferred. Rubber 
is vulcanized by the addition of sulphur, a small proportion 
rendering it elastic and soft as necessary for use upon wire. 
A large proportion of sulphur produces hard rubber which is to 
a limited and decreasing extent employed in the manufacture 
of electrical apparatus. 

Paper and Fiber. These are excellent materials for certain 
cases, especially when moisture can be kept from them. Soft 
paper is used upon the cable conductors used for telephone 
work. Here the paper is wound dry and loose upon wires, and 
moisture is excluded by the use of lead pipe covering. Wrapped 
lightly in alternate right and left spiral layers upon conductors, 
and afterward impregnated with mineral wax compounds, it 
produces a satisfactory and popular material for lead covered 
power cables. 

FtiUer-board, a fibrous material much harder than paper 
is extensively used in insulating the coils of electrical machines. 
It is flexible, durable and has good electrical properties. P\iller- 
board absorbs moisture and must therefore be protected from 
it. Hard fiber is manufactured in sheets of some thickness. 
It can be worked like wood and can be used in place of wood 
or hard rubber. 

Paper makes an excellent support for varnishes and oil 
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and is used in connection with the latter for covering coils in 
motors, generators, and transformers. When boikd hnseed 
oil is dried in paper, forming " empire " paper, it has as great 
dielectric strength as any insulating material. 

Waxes and Varnishes. Various mineral waxes and vege- 
table gums are employed in electrical conductors, mainly in 
connection with fibrous supports. The electrical properties 
are excellent. 

Oils. Oil is increasingly used for supplementing other insula- 
tion particularly in transformers. These are usualW placed 
in tanks containing a special grade of oil which possesses 
fluidity, dielectric strength and low flashing point. High 
tension switches are immersed in oil as it is possible to break 
circuits under oil with little arcing. For this purpose a special 
oil possessing properties somewhat similar to those of trans- 
former oil is required. As already mentioned some oils are 
dried in fibrous material, but in these cases the effect is pro- 
duced by the gummy oil residue. 

Cloth and Yarn. Cloth is mainly used as a support for var- 
nish, oil and wax, and rubber compounds. As in the case of 
paper it supports dried oil well. It is used in place of paper 
when greater flexibility is required. In tape, saturated with 
the materials mentioned above, it can be applied readily and 
is in universal use. 

Yarn, mainly of cotton, is applied either in spiral layers or 
braided layers to the surface of conductors. Its purpose is 
mainly to separate these and to act as a support for varnish, 
wax, etc. If perfectly dr\' its insulating properties are excel- 
lent but in very few cases is it used without some other 
material. 



CHAPTER IV. 
ELECTRIC CIRCUITS. 

Outline. 

Construction and Installation of Electric Circuits: 
Outdoor Transmission Circuits. 

Line Construction — Pole and Tower line — Conduit. 
Indoor Circuits: Open wiring — Conduit wiring. 

Design and Operation of Electric Circuits'. 

Varieties of Current — Alternating Quantities in the Steam Engine — 
Alternating e. m. f. and current — Effective values of Alternating 
Quantities. — Alternating Current Power. — Phase Displacement of 
Alternating Quantities — Resistance, Inductance and Capacity in 
Electric Circuits — Impedance and Reactance. 

In following an electric circuit from the generator to the 
receiver, several different and distinct sections will be found 
as follows: 

1. The outdoor transmission line. 

2. The indoor distributing system. 

3. The bindings in the electrical machinery connected with 
the system. 

These different sections of the circuit have distinct mechan- 
ical and electrical requirements and, hence, must ])c considered 
separately. All have features in common and their mechani- 
cal features may be best studied in the following order: 

(a) The conducting wires and their insulation. 
(6) The support of the conductors. 
(c) Switching and protective devices. 

lOI 
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As electrical machinery windings are the essential parts of 
such machines they will be studied in connection with the 
several types of generators, motors and transformers. 

Construction and Installation of Electric Circuits. 

Circuits are installed for mechanical stability and with pre- 
cautions against fire risk. All indoors wiring and, to a certain 
extent, outdoor work as well, is regulated by the rules of the 
National Board of Fire Underwriters. These rules, known as 
the " National Electrical Code," are modified annually 
at the suggestion of the Underwriters' National Electric 
Association, an advisory body composed of insurance experts 
and inspectors. The "code" committee of the association 
confers with engineers and architects and meets annually to 
revise the rules. These are approved by all national bodies 
representing engineering and insurance interests. 

The National Board maintains in Chicago an information 
bureau and a laboratory for the testing of all kinds of electrical 
supphes. It pubUshes from time to time a list of such devices 
as are approved and only such " approved " supplies are 
" passed " by local inspectors. The bureau also collects and 
distributes inforhiation about electrical fires, and in this way 
emphasizes the importance of a careful following of the rules 
of the code. The local inspectors are appointed by various 
associations of insurance companies. 

The code rules cover all of the ordinary requirements of 
lighting and power service, specifying the allowable carrying 
capacity of wires and the methods to be used in installing 
thera. The dimensions, material, and construction of insula- 
tors, switches, fuse cut-outs and circuit breakers are so spec- 
ified that fire risk may be permanently avoided and these 
devices are made in a substantial manner to maintain the 
" risk " a safe one. 
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Outdoor Transmission Circuit. Outdoor lines are erected 
primarily for durability and reliability of service. Not only is 
the continuous working of the plant important, but the dan- 
ger to life and the disastrous results of crossing with other 
wires must be considered. The insurance companies are, 
therefore, justified in imposing restrictions upon methods of 




Fig. 33. Method of bringing line wires through ' 
loop. (From hand-book Assoc, Mut. F. In; 



line construction in all cases where the circuits enter or are 
near an insured building. From the " fire risk " standpoint 
the following items are considerc<l: 

(a) Insulation of wires and form an<l material of insidators. 

(6) Location of circuits with res|}cct to other wires and to 
buildings. 

(c) The use of guard wires or other protecting wires or 
screens. 

(d) TTie propeTmaking of joints, 

(e) Grounding of circuits to prevent unsafe rise in pressure 
in any part. 

if) The use of section switches to permit cutting out danger- 
ous parts of circuits 
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(p) The proper method of entering buildings to insure against 
the entrance of moisture and to safeguard the structure. 

(A) The proper location and installation of transformers and 
auxiharies which are likely to become the source of special 
risk. 

Line Construction. Transmission circuits are located either: 

(a) Overhead upon poles or towers, or 

(b) Underground in conduits. 

Pole or tower construction is preferred on account of cheap- 
ness and ease of inspection and repair. Pole line is used in 
cross-country stretches and in cities where the pressure used 
is not excessive and where the size or number of wires is small. 

Conduit is used for railway distribution in large cities on 
account of the great area of the conductors and for telephone 
work on account of their number. Circuits employing high 
pressure are also placed under-ground where it is necessary to 
insure safety to life and property. 

Pole and tmver line. Poles are cut from oak, cedar, pine, 
chestnut or other wood, depending upon the locality, the cost 
of freight, and the degree of durability desired. They range in 
length from 30 to 60 feet, the long poles being used only where 
obstructions must be passed over. These poles are set from 
four to six feet in the ground, and if the ground is soft or if 
extra durability is desired the butts are surrounded with broken 
stone or concrete. The poles are spaced from loo to 200 feet 
apart. The shorter distance is used for heavy, power con- 
ductors, the longer for light telephone wires. The cross-arms 
which support the insulators are usually of long leaf yellow 
pine coated with metallic paint and of a length depending 
upon the number of pins to be carried, i.e., 2-pin, 4-pin, etc. 
\ The insulator pins are of iron or wood, locust being considered 
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The insulators are of glass or porcelain or both, a great 
variety of forms being used. The general principle in their 
construction is to obtain a combination of mechanical and 
dielectric strength. Both glass and porcelain are inherently 
weak mechanically, so that the main dependence must be 
placed upon the pin which is iron when much strength is 




Fig. 34. High tension (60,000 volt) porcelain insulator and iron pin 
support used on N. Y. State lines of Ontario Power Comi)any. 



required. The pin passes through the center of the 
insulator and frequently it is furnished with a saddle base 
conforming to the upper side of the cross-anii, with a b<ilt 
passing through or a strap passing aroimd the latter. For 
dielectric strength the insulator is constructed with the neces- 
sar\' distance through the dielectric from conductor to pin. 
It is further provided with a long surface leakage path from 
conductor to pin by the use of thin shells or petticoats in- 
creasing in diameter from bottom to top. The large top shell 
to some extent shields the lower ones from rain and thus 
decreases the likelihood of " flashing over." In general. i)or- 
celain is preferred to glass for high pressures on account of 
its greater uniformity of structure. Brown glaze is employed 
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to render the insulators less conspicuous as targets. The 
standard type of insulator has about reached its Huiit of size 
and recently a radically different form has been developed. 
This is the link insulator consisting of a number of disks of 
porcelain strimg together with wire links and hung from the 




FtG. 35- Insulator for moderate line e. m. f. broken to show section of 
shells, and method of assembling same. 

when not too heavy, or upon the top, as in the case of most 
power transmission lines. They are bound in position by tie 
wires and when necessary are reinforced where they pass over 
the insulators to prevent excessive bending and chafing. 

Galvanized steel towers are replacing poles in many cases. 
Their use permits spans of 500 feet or more and the construc- 
tion is more sightly and durable. The feet of the towers 
are attached to concrete foundations. The towers are hght 
for their strength and their breadth of base enables them to 
resist side and longitudinal strains. They are usually built 
up of angle iron and angle-iron cross-arms are used with them. 

Conductors for power lines are of hard drawn copper or 
aluminum, with an occasional section of steel where great j 
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tensile strength is required. Some soft drawn copper wire 
is still used overhead where great strength is not required, 
e.g., in the feeder circuits of street railway systems. Iron 
and steel are still used in telephone and telegraph work, but 
they are being gradually replaced by hard dra\\'n copper. 
Overhead wires are not insulated except in locations where 
they are likely to come in contact with other conductors, 
such, for example, as in the congested overhead space in cities. 
This insulation is of dubious value* and is seldom depended 
upon for protection. It consists merely of two or three layers 




Fig. 36. Horn line arrester used on lines of Ontario Power Company. 
Bent Wire is grounded to carry oil line charge. 



of cotton braid saturated with a mineral wax compound 
which is soon removed bv the action of the weather. 

Protecting Lines from Lightning. The most difficult and 
unsatisfactory feature of power transmission circuits is the 
disturbance from lightning. In addition to the lightning 
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protection afforded by arresters in power stations and sub- 
stations, arresters are sometimes installed along the line. 
Such an arrangement is shown in Fig. 36. Here a grounded 
wire is placed near the transmission line to afford a path for 
the lightning to ground across a short air gap. The wire is 
bent like a horn (suggesting the usual name of " horn " arres- 
ter) so that the arc which may follow the lightning discharge 
may be ruptured automatically. This it does because the 
hot vapors tend to rise and in doing so have to cross a length- 
ening path which finally is too long to permit the arc to hold.* 
Fig. 37 is an arrangement suggested by an association of 
insurance companies for protecting a building into which a 
line enters. Additional safety is secured by the use of a small 
detached arrester house. 

Conduit Line. Cables are placed undei^ound in conduits of 
creosoted wood, of tile, of paper or of cement-lined iron pipe. 
For this purpose the conductor is heavily insulated with rubber 
or with paper or jute impregnated with a mineral wax com- 
pound. To prevent entrance of water, such wire is almost 
invariably lead covered. The conduit is preferably laid in 
concrete to insure solidity of joints and permanence of grade. 
Conduits are built with any desired number of ducts, and 
they are continuous and usually straight between manholes 
located at such distances as to permit easy drawing in and 
removal of cables. About 500 feet is an average distance 
between manholes. Manholes are located at branch points 
so that joints may be easily made and repaired. 

Indoor Circuits. Indoor wiring comprises two general 
classes ; 

(a) Open or exposed, and 
(6) Concealed. 

• The general principles underlving lightning arresters are discussed 
.in Chapter IX. as they naturally form a part of station equipment, 
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The latter may also be subdivided into 

1. Knob and tube, 

2. Conduit (lined or unlined), 

3. Molding. 

The insurance rules regulate interior wiring almost entirely 
and the wiring of any insured building must be inspected 




F:g. 37. Lightning arrester house for usi. at serv ce connection with 
modeniite line e m f (from hand book \ssoc ated F re Ins. As.sn.) 



when installed and is liable to inspection and condemnation 
at any time. 

Open wiring is the cheapest form of work and it is largely 
used in mill work and to some extent for residences. It 
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dvantages also in the ease with which it may he 
inspected and repaired antl the readiness with which it 
may be modified to meet changing conditions. The wires 
are supported upon knobs and cleats. 

Concealed knob-and-tube wiring is the type usually used 
for residences. It is also inexpensive and has the advantage 
of being entirely invisible. It is possible to change this wiring 
to a limited extent. The name is derived from the use of 
knobs which support the wires in the wall and ceiling spans 
and the tubes through which the wire is drawni to protect 
it from wood-work, pipes, and other possible sources of 
"grounds." 

ConduU wiring is the safest but most expensive of all classes 
of wiring. In common with the former class it may be con- 
cealed in walls, under ceilings and floors. The conduit is_ 
however, not alwaj's concealed but is frequently used in 
exposed locations when special safety is desired. This is 
considered almost nee ess a r>' in damp locations. Conduit 
wiring is permanent and this feature wiU frequently offset 
the increased cost. On the other hand, it is not a flexible 
system as it is almost impossible to change the location of 
outlets after they have once been i^jstalled. 

Conduits are made fire-tight so that the effects of any 
short-circuit may be confined to the tube or fittings These 
are also to a limited extent water-tight. Mechanical contin- 
uity is assured by the Code provision that the wires shall be 
drawn into conduits only after the installation of the latter 
is complete. Electrical continuity of the conduit system 
is essential as great reliance is placed on grounding to eliminate 
fire risk from leakage of current to ground through high 
resistance. 

Molding work is cheap and is fairly well protected. It is 
easily installed in old buildings. It is rapidly going out of , 
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favor and will, in time, be entirely displaced by the more 
modem methods. 

Design and Operation of Electric Circuits. 

The electric circuit is analogous to a belt transmitting 
power, the velocity of the belt corresponding roughly to the 
current and the tension to the pressure. For the transfer of 
power the circuit must be complete, which it may be in one or 
more of the following ways: 

1. Through a condticior. 

In this case the energy of the current is all dissipated 
in heat unless some part of the conductor is the seat of 
an electric pressure, when it will come under case 3. 

2. Through an electrolyte and a conductor. 

Here all of the energy of the current produces chemical 
dissociation in the electrolyte, except that portion lost 
as heat in the conductor. The dissociation is accom- 
panied by the presence of a counter-pressure in the 
electrolyte. 

3. Through a motor and a conductor. 

In a motor the transformation of electrical into mechan- 
ical power is accompanied by the production of a counter- 
pressure. 

4. Through a dielectric and a conductor. 

If a dielectric forms part of an electric circuit a current 
will flow through the circuit until the dielectric produces 
a counter-pressure exactly equal to the line pressure. 
In order to maintain a continuous flow of current through 
such a circuit, either an alternating pressure must be 
used or the direction of connection of the dielectric 
in the circuit must be periodically reversed. 
It will be noted from the preceding statements that, except 
in the production of heat, the transformation from electrical 
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into some other form of energy is accompanied by the presence 
of a counter-pressure, which is the evidence of a resistance to 
the change of form. In case of heat there is no such resist- 
ance, as heat is the lowest form of energj' and the more highly 
organized forms tend, therefore, to reduce to heat. 

In this chapter attention will be confined to the trans- 
mission part of the circuit, leaving the other parts for their 
appropriate chapters. The function of the electric circuit 
is to transmit power from the generator to the receiver witli 
maximum economy and satisfactory regulation of e. m. f. 
By maximum economy is not necessarily meant the highest 
efficiency, for beyond a certain point it does not pay to increase 
efficiency as the value of energ>' saved is more than offset by the 
extra cost of line and maintenance. Satisfactory regulation 
of e. m. f, is determined by the nature of the apparatus used 
and the purpose for which it is employed. An incandescent 
lighting circuit must have excellent regulation as the lamps 
arc verj' sensitive to changes in e. m. f. Motor service need 
not be as good, as motors perform well on a reasonable range 
of e. m. f. Different classes of motor application impose 
various restrictions on this range, which can be large for 
railway service, say 20 per cent, while for shop drive 5 per 
cent would be a reasonable allowance. The varietj' of cur- 
rent also has an important influence upon the performance 
of the line. 



Varieties of Current. A primary or secondary battery 
gives a current which is always in tlie same direction, and 
which is called, therefore, a direct or more properly a continuous 
current. This current is not only continuous, but it does 
not vary materially from instant to instant. Other forms 
of apparatus yield current which is also unidirectional but 
which fluctuates considerably and rapidly in value. This 
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variety may be conveniently termed pulsating current. The 
most common form of current is one which alternates in 
direction very rapidly and which is therefore named an alter- 
nating current. 

In direct current work and in some cases in which alterna- 
ting current is used a circuit is designed on the basis of carry- 
ing capacity of conductors and resistance drop. For example, 
if a 25 H. P., 500 volt D. C. motor is to be operated 500 feet 
from the generator with a 5 per cent drop in e.m. f., a wire 
will be selected of such size that 1 000 feet of it do not cause 
more than 25 volts drop w^ith the full load current, in this 
case about 50 amperes. The wire may have a resistance of 
one-half ohm per thousand feet. By reference to the wire 
table, it appears that a No. 7 B. and S. wire fulfils the require- 
ments as far as its resistance is concerned. The carrj'ing 
capacity of this wire is satisfactory in accordance with allow- 
ance for weather-proof wire in the table given in the National 
Electrical Code. 

Alternating Current Circuits. In alternating current cir- 
cuits it is necessary in general to consider the performance 
of the line with reference to all of its properties, in each special 
case neglecting those which have no appreciable effect. In 
Chapter II the fundamental quantities in the electric circuit 
were described and defined. It was shown that there are 
three and only three properties of a circuit, nameh': 

(a) Resistance, analogous to mechanical resistance. 

(b) Inductance, analogous to mechanical inertia. 

(c) Capacity, analogous to mechanical elasticity. 

Before noting the particular effects of each of these prop- 
erties upon the operation of the circuit a review of the sub- 
ject of alternating quantities from a familiar example will 
greatly simplify the subject. 
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Alternating Quantities in the Steam Engine. Any alterna- 
ting quantity is one which periodically reverses its direction, 
reaching equal positive and negative maximum values. By 
adapting the apparatus to the nature of these alternating 
quantities, continuous effects may be produced. A familiar 
example of this is found in the steam engine where the alterna- 
ting pressure on the piston is made to produce continuous 
rotation of the main shaft. The steam engine is so nearly 
analogous to electrical apparatus that it may be used as the 
starting point in this discussion. Fig. 38 shows the familiar 
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Fig. 38. Steam engine indicator card on displacement base. 



Steam engine indicator card with pressures for ordinates and 
piston displacements for abscissa?. The left hand card rep- 
resents one end of the cylinder, the right hand card the other. 
The upper part of each card is that representing the produc- 
tion of power, while the lower part, the back pressure line, 
shows work done by the piston in driving the exhaust steam 
out of the cj^linder. In Fig. 39 the diagram has been redrawn 
in the form usual in plotting periodic curves and the net 
pressure line is the only one shown. This is obtained by 
subtracting the back pressure from the forward pressure. 
For convenience, pressures in one direction, e.g., toward the 
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crank end of the cylinder, are drawn above the zero line and 
those toward the head end below it. The net pressure exerted 
by the pist<»i is now in graphical alternating fomi and is 
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Fig. 39. Steam engine pressure, vel')city anrl priwcr Aia^tatn, hhuwinK 
alternacing nature of steam pressun; and [listija vel'xiily, 

closely analogotis to an alternating pressure or e. ni. f. in itri 
electric circuit. 

The piston velocity at each point in the stroke m:iy :il«ii 
be plotted on the same displacement base and itN relation to 
the pressure determined. From Fig. ^» it is evident tlmt 
the piston velocity is proportional to the sine of the antde 
between a horizontal line and a line through the nntcr i>f tlie 
.shaft and the center of the crank pin, assuming an inlinilely 
long connecting rod. The velocity line will then have the 
form shown in Fig. 39 and it is an altematini^ ijiiantity. 

The power, which is being develojjcd by the jtiston at any 
value of the displacement, is found by rnulti|ilyitig totitth'jr 
the pressure and velocity ordinates. ^^'hen these arc in the 
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same direction, as is always the case in this illustration, their 
product represents an output of power. If they were in 
opposite directions the product would represent an absorption 




Fig. 40. Diagram showing relation of cross-head velocity of steam 
engine to annular velocity of crank. 



of power from an outside source. The power line is shown 
in Fig. (39) and this is not an alternating quantity for the 
power is given out as long as the net pressure and the veloc- 
ity are in the same direction. 

The indicator cards of Fig. 38 were plotted by the indicator 
on a displacement base on account of the mechanism employed. 
That is, the steam engine indicator is operated by a reducing 
gear from the cross-head. If it were desirable, for any reason, 
the diagrams could be redrawn on a time base. As the crank 
rotates at a uniform angular velocity, the angle between the 
crank line and the reference line is proportional to the time, 
hence the displacement values may be readily transformed 
into time values. This would put the alternating velocity 
and pressure in the form usually employed for electrical 
quantities, but it is not necessary- to use this form in the case 
of the steam engine. 

It is desirable to give names to the different parts of an 
alternating quantity for convenience in reference. 
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The series of values of an alternating quantity between 
positive and negative maxima constitute an Alternation and 
two successive alternations, a Cycle. The time of a cycle is a 
Period and the number of cycles or alternations in a given 
time is the Frequency. The two common forms of frerjuency 
are cycles per second (often written p. p. s. as an abbreviation 
for periods per second) and alternations per minute. Com- 
mercial frequencies range from 15 to 133 cycles per second in 
engineering practice. 

Alternating E. M. F. and Current. As the conductors of 
the armature of an electric generator pass under successive 
north and south poles they generate e. m. f. first in one direc- 
tion, then in the other. In other words, the natural e. in. f. 
of practically all electric generators is alternating. Unless 
supplied with a device for changing it to unidirectional fonn 
the e. m. f. appears in the circuit in its natural form. 

E.M.F. Wftveof AJtcroAtor 
81oe Wave 




Fig. 41. E. m. f. curve of alternator on time hasc sui>er-imjK>sed u\n>n 
sine wave on angle base, showing thc-jr similarity. 



If the successive e. m. f. values of an .A. C. jr^-nerator be 
plotted upon a time base they might produce the curve shown 
in Fig. 41. WTiile the e. m. f. from different alternators varies 
somewhat in form, being sometimes more f>eaked, often 
flatter than diown, this cur\e may be taken as an average 
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one. It is evident at a glance that this curve is strikingly like 
a sine curve in form. To emphasize the similarity, a sine 
curve uith its base equal to one-half cycle of the e. m. f . is 
superimposed upon the e. m. f curve. So close is this simi- 
larity that in general the e. m. f. curve of an alternator may 
be assumed to be of the sine form, and a sine curve may replace 
it, the angle ordinates of the base of the sine curve replacing 
the time ordinates of the wave. This is the reason that in the 
literature of electrical engineering electrical quantities are often 
referred to an angle base. This is entirely conventional and 
is possible through the coincidence referred to. 

Effective Values of Alternating Quantities. As it is essen- 
tial that alternating e. m. f. and current be measured and com- 
pared with direct current and e. m. f., it is necessary to select 
some value of these quantities which shall be suited to this 
purpose. Naturally such values have been chosen that an 
alternating current ampere is that current which will heat a 
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Fig. 42. Current wave and square of same, showing derivation of 

'* effective" value of an alternating quantity. 

wire to the same extent as will an ampere of continuous cur- 
rent. An incandescent lamp supplied with an ampere of 
alternating current will therefore give out the same amount 
of light as with an ampere of continuous current. An efifective 
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alternating volt is such an e. m. f . that, impressed upon the 
terminals of a circuit containing resistance only, that circuit 
would be heated to the same extent as it would have been by 
a continuous volt. An eflfective alternating volt will send an 
effective alternating ampere through one ohm of resistance. 
From Joule's law the heating value of a current is proportional 
to its square, hence the effective value of an alternating quan- 
tity will not be the same as the average value. In Fig. 42 is 
shown a wave of current and its average value. The cur\'e of 
the squares of the current values with its average is also shown 
and this indicates the instantaneous and average rates at 
which heat is produced in the circuit. Obviously the square 
of the average current vrill not be the same as the average of 
the squares. The square root of the average of the squared 
curve is termed the effective value. It is always more than the 
average value, being greater for peaked waves and less for flat- 
topped ones. In the case of the sine wave the effective value 
is Ti per cent greater than the average. The maximum 

value is — times the average value and the effective value is 

2 

=- times the maximum value. 



\'2 



Alternating Current Power. The power in an alternating 
current circuit is the product of the current and e. m. f. at any 
instant. The average power, which would be shown by a 
watt -meter, is the average of the invStantancous values. The 
product of the effective alternating volts and amperes is not 
necessarily the power of the circuit, for it is i)ossibIe that the 
maximum values of current and e. m. f. may not occur at the 
same time. In fact, when the two have the same frequenc\', 
as is generally the case, it may happen that one will be always 
zero when the other is maximum and the average power 
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would then be zero. The quantity by which the product of 
effective e. m. f, and current in a circuit must be multiplied, 
in order to give watts developed, is called the Power Factor. 



P. F. = - 



watts 
volts X amperes 
To determine the power factor of a circuit with ordinary 
instruments requires measurements of watts, volts, and am- 
peres. The expression cosB, frequently used in place of power 
factor applies only to sine waves and is explained in the next 
section under " phase displacement." 

Phase Displacement of Alternating Quantities. When two 
waves of the sai.ie frequency do not reach their zero and max- 
iiniiin values at the sajiie time they are said to be out of phase, 
otherwise they are in phase. For example, if the e. m. f. in 
a circuit reaches its maximum \'alue a certain fraction of a 
period before the current it kads the current by that amount 
or more commonly by the equi\-alent angle as explained in a 
previous paragraph. Fig. 43 illustrates this. The sine e. m. f. 




Fig. 43. Diagram illustrating meaning of the term "phase 
displacement. " 

wave e would be generated by a rotating radius a, the ordinates 
being the projections of a upon the vertical axis and the abscis- 
SK being the values of the angle /3 between a and the horizontal 
axis. Similarly the current wave i «oiiId be generated by a 
Becond radius b making an angle t with the horizontal axis. 
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The difiference in phase of e and t, therefore, may be conven- 
iently referred to as the difference between the angles /J and t. 
This angle is usually called 9 and, with sine waves of e. ni. f. 
and current, cos d is the power factor. 

Problems Illustrating the Definition of Power Factor. 

In a transmission circuit at 60,000 volts pressure a current 
of 50 amperes is flowing. The watt-meter indicates 2500 
K. \V. What is the power factor and what the phase difference 
of e. m. f. and current? 

Ans, 83.3 per cent. 

^ =• 33-5 degrees. 

How many amperes will be required in a 6,600 volt circuit 

to produce 50 K. W. when the current lags 10 degrees behind 

the e. m. f.? 

Ans, 7.69 amperes. 

Polyphase Circuits. WTien two or more circuits are used in 
combination and the e. m. f.'s in these are of the same fre- 
quency, but differ in phase position, the system is called a 
polyphase circuit. Obviously, a single two-wire circuit is a 
single-phase circuit. For example, in Fig. 44 are two circuits 



S-Phaae ELm.f. 'WnyeB 
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Fkj. 44. Two-phase transmission line and diagram of cm. f. waves in 

the two circuits. 

in which the e. m. fs differ by a quarter period or 90 degrees. 
This is a two-phase or quarter-phase circuit and all apparatus 
designed to employ such a circuit is two-phase apparatus. 
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e.g., a two-phase motor. In this case the two circuits are 
separate single-phase circuits but their e. m. f's always pre- 
serve a definite phase relation. 




3-Pha8e E.m.fl WaTes 
Phue 1 phMe i PhAM 3 Fhaie 1 etc 
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Fig. 45. Three-phase transmission line and diagram of e. m. f. waves 

in the three circuits. 



Fig. 45 shows a corresponding three-phase system employ- 
ing three wires. The e. m. f.'s between adjacent wires are 
120 degrees apart. This is the arrangement used for prac- 
tically all long distance power transmission. Four wires 
may be used for four circuits, the phase difference between 



4- Phase Km.£ Waves 
Phaje 1 Phaw 8 Phaw 3 Phase 4 etc. 




Fig. 46. Diagram showing the c. m. f. waves in the four circuits of a 

four-phase system. 



adjacent circuits l)eing 90 degrees. Six wires and six circuits 
with adjacent phase displacements of 60 degrees, forming a 
six-phase circuit, are also occasionalh' used. For most pur- 
poses, however, two or three phases are sufficient. 
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The reasons for the use of polyphase systems rather than 
single-phase are that (i) they are more economical of copper 
and (2) polyphase apparatus is more efficient and satisfactory 
than single-phase. 

Resistance, Inductance and Capacity in Electric Circuits. 

The properties of electric circuits were briefly discussed and 
units defined in Chapter II These definitions may now be 
applied to the flow of current in alternating current circuits 
and their mechanical analogies will be useful in indicating 
the manner in which they affect the performance of a circuit. 
Resistance is analogous to mechanical resistance, inductance 
is analogous to inertia, and capacity is analogous to elasticity. 

Resistance constmies e. m. f. in direct proportion to the 
current, hence a wave of resistance-consumed e. m. f . will be 
in phase with the current. In algebraic form, E/^ = /? /. 
This is shown in Fig. 47 where a current wave is given and 
this current is to be sent through a circuit of 700 ohms 
resistance. The e. m. f. curve has been calculated point- 
by-point by multiplying together the current in amperes and 
resistance in ohms. 

Inductance constunes e. m. f. in proportion to the rate of 
change of the current just as inertia produces force in pro- 

pon.™, , o *e„.e or C^. or veW... .»„,= -.- 

This is marked minus to indicate that the e. 111. f 
generated in the inductance opposes a change in the 
current. In order to change a current in a circuit in which 
there is inductance, it is nccessar>' to introduce an e. m. f. 

equal and opposite to the self-induced e. in. f, or c = + L ,- 

In Fig. 47 the wave of e. m. f. which would be generated by 
sending the wave of current through a circuit has been plotted 
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by noting the rate of change of current for a number of dif- 
ferent ordinates. By measuring the changes in current 



4QQ0r 




Fig. 47. Diagram showing the e. m. f. waves necessary to send a given 
current wave through 700 ohms res., 3 henrys inductance, and 20 
m. £. capacity. 



during short intervals of time and dividing these by the time 
interv^als, the average rates of change, corresponding to the 
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mean times, are obtained. These rates of change, in amperes 
per second, are multiplied by the inductance in henrjs (3 
in this case) to determine the volts generated. To produce 
these rates of change of current in the circuit requires an 
e. m. f. wave equal and opposite to that produced in the 
circuit, as shovm by the solid line El. 

Capacity in a circuit results in a flow of current proportional 
to the rate of change of the applied e. m. f., just as in elastic 
bodies the rate of deformation is proportional to that of the 
applied pressure. As long as the e. m. f. is changing the 
current flows, and the e. m. f. is proportional at any instant 
to the total quantity of electricity that has flowed into the 
dielectric. As the quantity is the product of current and 
time, the e. m. f. due to capacity at an^' instant is proportional 
to the time-integral of the current. In algebraic form. 



-*\(i^. 



The positive sign here indicates that the e. m. f. due to capa- 
city resists the flow of the current, whereas that of inductance 
resists a change in it. 

In Fig. 47 is shown a wave of e. m. f produced bj'^ the 
capacity in a circuit. It is calculated by integrating the 
current wave from its intersection with the horizontal axis 
to a number of successive ordinates. The area of the current 
wave is the total quantity of electricity^ which has flowed 
out of or into the condenser. When the current is zero no 
charge is passing into the dielectric and the quantity of 
charge is maximum because the e. m. f. is maximum. The 
first step, therefore, is to calculate the quantity of electricity 
in the dielectric at the maximum e. m. f. by multiphnng this 
e. m. f. by the capacity in farads (in this case 20 microfarads, 
or millionths of farads). Then as successive areas are meas- 
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ured the corresponding quantities of electricity are subtracted 
one by one until the remainder is zero. At this point the 
e. m, f. is zero and its intersection with the horizontal axis 
has been determined. Beyond this point the quantities of 
electricity corresponding to the successive areas are added, 
and when complete should indicate the same quantity as at 
the start, for the positive and negative maxima of e. m. f. 
are the same. 

The e. m. f. wave necessary to maintain the given current 
wave through the dielectric, as shown by the solid line Ec. will 
be the reverse of that produced in the dielectric, or 



■\f' 



idt. 

If the same current flows successively through the resistance, 
inductance and capacity, that is, if they are in series, the 
several required e. m. f.'s must be added, point by point, to 
dett-ntiini; the wave of total e. m. f. which will be necessary. 

Reactance and Impedance. Referring once more to Fig. 
47 it is evident that there must be a relation between the 
effective values of the e. m. f. and current in each of the 
three cases cited. This ratio, in the case of the resistance 
circuit, is simply the resistance, for the form of the e. m f. 
wave is the same no matter what the frequency of the circuit 
may be. This is not true of the other circuits. In the induc- 
tive circuit the e. m. f. is greater with a greater frequency 
(smaller period) while the reverse is true of the capacity cir- 
cuit. The name reactance is given to tfie ratio of the effective 
values of e. m. f. ami current in titese cases. Inductive react- 
ance and capacity reactance are the ordinary terms employed. 
Reactance like resistance is measured in ohms. 

If both reactance and resistance are present in a circuit, 
the ratio of the effective value of the total e. m. f. consumed 
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to that of the current is the impedance, which is also measured 
in ohms. 

Up to this point nothing has been said of the sine wave, 
and all the statements made apply to an\' fonn of wave. If 
sine waves be used or assumed the reactance and impedance 
ma3' be conveniently expressed algebraically, othen^ise they 
may not. The sine cun'e has a property ver>' useful in elec- 
trical work, namely, that its derivative is also a sine wave, a 
quarter period, or 90° in phase position from the original. 
Then the reactive e. m. f.'s in inductance and capacity are 
in quadrature with the current, one behind, the other ahead. 
Further, the sum of the sine waves (with the same length 
of base) is also a sine wave and its maximum value is the 
geometric siun of the maximum values of the components as 
indicated in Fig. 48. 

If in Fig. 47 the current wave had been of the sine form, 
the e. m. f. waves would have been sine curves. The effective 
value of the inductive e. m. f. would have been 2 zfL times 

Inductive circuit. 



where 2r/'is the angular velocity of a rotating radius which would generate 

the current curve, and ^^ is the e. m. f. necessary to force the current through 

the circuit. 

di — i^^^^ 2 rfcos 2// *//, 

Tm — '««, 2 t:/ cos 2 r/A 



As the coefficient, i^u^^f^fL^ is the maximum e. m. f. (maximum ordinate of 
the cosine curve), the ratio of the e. m. f. and current is 2 izfL. This is the 
reactance of the circuit. 
Capacity circuit » 

^C " 'C j^^^ ' ^ 'mar S'" 2 ,t/A 



/ 



• J^ WHtT _ >.. mar y-. 

//// « cos 2 Tt/t, e, ■=■ ^^^ cos 2 Ttft 

2i:f -^ ' ^ 2r/C -^ 



As the coefficient, — -pp.% is the maximum e. m. f ., the ratio of e. m. f. and cur- 

2 r/C 

rent is — -^p,' This is the reactance of the circuit. 

2 7tfC 
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that of the current, and that of the capacity e. m. f. would 

have been —^ times that of the current. Hence these quan- 

tities represent the reactances in circuits containing induct- 




FiG. 48. Diagram representing the addition of sine waves. 

ance and capacity. The impedances in such circuits are the 
geometrical sums of the resistance and reactance, and as the 
e. m. f.'s are in quadrature the resistance and reactance are 

combined by the law of squares, thus, ez ■= ^ei} -f ei^- 

Problems Illustrating the Definitions of Reactance and 

Impeda^Ke. 

A transmission line has a resistance of 50 ohms and an in- 
ductive reactance of 250 ohms. What are the drops in resist- 
ance and reactance and the total drop in the line and what 
is the e. m. f. at the receiver end if the generator e. m. f. is 
50,000 volts, the current 25 amperes and the load power factor, 
100 per cent? 

Ans. 1250 volts. 6250 volts. 6375 volts. 48,348 volts. 

The charging current on a cable system is 10 amperes at 
20,000 volts, 60 cycles. What is its capacity assuming sine 
form current? Ans, 1.326 microfarads. 
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Practical Applications. In direct current circuits induct- 
ance and capacit3^ are of comparatively^ little importance. 
In alternating current work where the e. m. f. and current 
change values rapidly, the effects of these quantities must 
always be considered. Take for example, a transmission line. 
Tlie wires arc supported in the air and each is surrounded by a 
magnetic field. WTiile this field is not very strong the wire is 
so long that the total quantity of flux is considerable. In 
fact it may produce several thousand volts pressure in a line 
like that from Niagara Falls to Syracuse. Further, the con- 
ductors are separated by a dielectric, air, and there is a con- 
siderable capacity on account of the great length of line. This 
results in a flow of current into the line even when no appa- 
ratus is connected to it. This " charging current " often is 
a considerable percentage of the useful current in the line. 
The magnetic field and the dielectric absorb ver\' little power 
as they give back to the line practically all that they 
receive, but the presence of the itidiictive drop and the charging 
current have an important bearing upon the performance of 
the line. 



CHAPTER V. 
MAQNETIC CIRCUITS. 

Outline. 

Illustrations of Practical Magnetic Circuits: Street railway motor — mag- 
netic brake — transformer core. 

Laws of the Magnetic Circuit : Tractive effort. 

Excitation of Electro-Magnets: Reluctance — magnetic leakage — prob- 
lem of the magnetic brake. 

Excitation of Magnetic Circuits in Electrical Machinery: The transformer — 
electric generators and motors. Excitation by permanent magnets: 
From separate exciter — by shunt winding — by series winding — by 
compound winding. 

A MAGNETIC CIRCUIT is the path of magnetic flux in a piece 
of electrical or magnetic apparatus. The greater portion of 
such a circuit is usually magnetic material, but there are fre- 
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49. Diagram representing the magnetic circuits of a street railway 
motor, showing the field coils in section. 

»3^ 
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quently one or more air gaps in the circuit. Usually the 
magnetomotive force is supplied by coils of wire carrj-ing 
current, but occasionally in electrical devices hard pcniia- 
nently magnetized steel is used. 

Illustrations of Practical Magnetic Circuits. 

Fig. 49 shows in diagram the magnetic circuits of a sirtret 
railway motor. There are four paths for the magnetic flux, 
hence there are four magnetic circuits as indicated by the 
arrow-headed lines. ' In each magnetic circuit there are two 




Fig. so. Cross-section of a lifting magnet such as is used for liflinR 
heavy safes, etc, (El, Controller & Supjily Co.) 

pole pieces, two air gaps, one section of ari»i;iturc c"ri' and 
one section of yoke or case. The m. m. f. is supplicii by liild 
coils mounted upon the pole pieces and so coiiiicitud as to 
produce north and south poles alternately. Tlie functinn of 
this particular magnetic circuit i.i to produce flux in the iiir 
gaps against which the current in the armature conductors 
may react and produce torque. 
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A second illustration of a magnetic circuit, one designed as 
a lifting magnet, is given in Fig. 50. A magnet of this kindj 



Fig. s'' Dia-gram of Westinghouse magnetic brake, showing several 
parts of the magnetic circuit. 




Fig. s*. View of the Westinghouse magnetic brake of which Fig. 51 
a diagram. 



MAGNETIC CIRCUITS 



^ii 



supported from a crane, is capable of handling rails, plate, 
scrap, nails and many other iron products veri" conveniently. 
TTic magnetic circuit is through the pole piece, top |>late. side 
plates, air gaps and section of the object lifted. Tlie air gaps 
exist because it is impossible to produce perfect contact be- 
tween the poles and the lifted object. 

A third illustration of a magnetic circuit is shown in Figs. 
51 and 52, which represent a magnetic brake used to a limited 
extent on street railway cars. The brake consists of a horse- 
shoe shaped electro-magnet, flexibly supported, which is drawn 
into contact with the rails when current is 
supplied to the coil. When the magnet is 
in contact with the rails, the motion of 
the car produces a backward pull which 
is transmitted to the wheel brakes through 
a lever system. The magnetic circuit is 
through the magnet core, air gaps, and 
rail. 

Another class of magnetic circiiit is found 
in the alternating current transformer where 
there is no air gap in the circuit. Fig. 53 
shows a transformer core in which the path 
of the flux is around the rec-tanpular 
frame. The function of the flux in this 
case is to produce e. m. f. when the cur- 
rent, which sets it up, is changed in value, 
just as in Faraday's ring of which it is an 
improved copy. 

The illustrations will serve to indicate 
several of the modes of application of the electro-magi ict 
and its prevalence in electrical machinery. In fact, there 
are few devices in which the magnet is not an important 
part. 
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Laws of the Magnetic Circuit. 

In these applications there are three functions of the 
magnetic flux: 

(a) To produce e. m. f. in conductors moving through it, 
or otherwise cutting it, e.g., in the electrical generator and 
the transformer. 

(6) To produce force upon conductors carrying current and 
located in it, e.g., electric motors of all kinds. 

(c) To produce mechanical pull between the poles and 
attracted objects, e.g., the lifting and brake magnets described 
in this chapter. 

The laws underlying (a) and (b) have been illustrated in 
Chapter II. The mechanical attraction depends upon the 
flux density in the field and upon the area of its cross-section. 
Experiment shows that the pull is exerted in accordance with 
the following formula: 

where F = the force in dynes (445,000 being approximately 

equal to a pound). 
A = the area in square centimeters. 
B = the flux density in maxwells per square centimeter. 

Problem Illustrating the Putting Strength of a Magnetic Field, 

In the magnetic brake shown in Figs. (51) and (52) the 
cross-section of each air gap is 9 square inches. When the 
current is first turned on and the air gap has its maximum 
length the pull is 88 pounds. When the shoes have been 
pulled against the rail the pull increases to 1248 pounds. 
What flux in maxwells per square inches exists in each case? 

Ans. 18,800 maxwells per square inch. 
70,600 maxwells per square inch. 
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Excitation of Electro-Magnets. 

In Qiapter III the relations between the m. m. f. required to 
maintain flux in various materials was exhibited graphically 
bv means of the B-H curves. To determine the number of 
ampere-turns necessarj'^ to maintain a desired flux at any 
portion of a magnetic circuit the ampere-tums required in the 
several parts of the circuit are calculated separateh' and added 
together. The ampere-tums required in the air gJ*ps may 
be determined directlv from their areas nonnal to the direc- 
tion of the flux and their lengths in its direction. An amf)ere- 
tum produces 0.4 X ^ = 1-257 gilberts. A gilbert will set up 
a field of an intensity of a gauss in a centimeter length of cir- 
cuit in air. The m. m. f. required is proportional to the inten- 
sity or flux density and to the length of the circuit. For 
example, take a density of 60,000 maxwells per square inch 
to be set up in a generator air gap one quarter inch long (meas- 
ured radially or in the direction of the flux). The intensity 
of the field is 9320 gausses corresponding to 9320 maxwells 
per square centimeter. Nine thousand three hundred and 
twenty gilberts are, therefore, recjuired for each centimeter 
length of circuit in air. The circuit is 0.635 centimeters long, 
and the gilberts required are 9320 times 0.635 ^>r 5920. Each 
ampere-turn produces 1.257 gilberts, so that 4715 ampere- 
tums will maintain the required flux density of 60,000 max- 
wells per square inch. 

The ratio of the total m. m. f. in gilberts to the total flux 
produced is called the reluctance. While this quantity is not 
used extensively in electro-magnetic calculations it is conven- 
ient as it is somewhat analogous to electrical resistance. The 
reluctance of any one part of the circuit is, 

A /( 
R, reluctance; I, length; A, area; /(, permeability. 
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Reluctance differs from resistance in that it is not constant 
but varies with p- which is affected by the flux density. It will 
be noted that ft corresponds in the formula to the reciprocal 
of specific resistance in an electric conductor. 

Magnetic Leakage. If the flux were entirely confined to its 
proper paths tlic Mai flux at all crass-seciwfis of the circuit would 
be the smnu:. There is some leakage, however, through the air, 
the amount of which can only be determined for any case by 
experiment. It is this leakage flux which affects watch 
springs in the neighborhood of electric generators. Tlie 
leakage is greatest when the air gaps are long and amounts to 
very little when there are no air gaps in the circuit. ^HH 

Problem Illustrating the Method of Calculating Exciiing^^ 
Current for Electro-Magnets. 

In the magnetic brake .shown in Figs. 51 and 52 a pull of 
about 1250 pounds between shoes .and rail is desired, when 
the brake shoes are in contact with the rail. With the follow- 
ing data given detcniiine the current necessary to give the 
required pull : 


P«, or Circuit. 


Utadal. 


teafth. 


CioH-iKtlon. 


Magnet core . . . 
Pole shoes .... 
Double air gap • 
Rail 


Sheet steel (good) 
Cast iron (good gray) 

Air 

Steel (mildj 


Inches. 

35 
D.05 


Square Inches. 

m 






^^^B * The gap leu 
^^^^P' rible to produce perfe 
^^^•- is that of each air gar 


gtli is assumed at the given value, as it is impoB- 
ct contact between shoe^ and rail. The area given J 
. the two being magnetically in scries. i^^^^J 
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Solution: 

The first step is to determine the flux density in all parts 
required. The pull of 1250 pounds is divided between two 
pole shoes, thus distributing the pull over 36 square inches, 
or 2^2.2 square centimeters. The pull per square centimeter 
is 5.38 pounds, or 5.38 x 443,000 - 2,394,100 d\'nes. Multi- 
plying this by 8 » and extracting the square root gives the 
density in maxwells per square centimeter which is approxi- 
mately 7,760. Assuming no magnetic leakage in the circuit 
the following results are obtained: 



▲mp. turns ^ . 

Part of Circidt. ptr in. from Pift. ^®I!IL. ' 

39. 3x **d 33. *■"*•• 



Magnet core . 
Pole shoes 
Double air-gap 
Rail .... 



7-9 


142 


90. q 


318 


15,700 


785 


147-4 


1.769 



Grand total . . . 3.014.0 

Dividing this by 12, the number of turns, the required 

current is found to be 251.2 amperes. 

.4 115. 251.2 Amperes. 

Excitation in the Magnetic Circuits of Electric Machinery. 

The Transformer. If one coil of a Faraday's rinp; bo con- 
nected to an a. c. circuit and the other coil he left o])cii, a 
current will flow into. the first coil. The function of this cur- 
rent is to " excite " the core, or, in other words, to set up 
alternating flux in it. The current is known as the exciting 
current and it flows continually whether the second coil is 
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giving out current or not. When a current is drawn from the 
second coil, additional current is absorbed from the line by 
the first. The exciting current represents a waste of power, 
and the lighting companies use transformers with as small an 
exciting current as possible. 

Electric Generators and Motors. There are five possible 
ways for producing the field excitation in electric generators 
and motors: 

1. By permanent magnets. 

2. By separate excitation, 

3. By a shunt winding. 

4. By a series winding. 

5. By a compound winding. 

Permanent Magnet Excitation need not be discussed, as 
permanent magnets are no longer used except for the fields of 




Fig. 54. Diagram o£ field excitation from separate e 
alternator practice. 



very small machines such as are used for ringing telephone 
bells. 
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Separate Excitation. By separate excitation is meant the 
supply of a current from an external source, such as another 
generator or a storage battery. Practically all alternators 
are separately excited, because, as the iicid requires a contin- 
uous current, that produced by the armature is useless for 
excitation. For this reason, an alternator is usually accom- 
panied by a small machine known as the " exciter," which 
supplies the field current. In some cases a small commutator 
is connected with the armature to rectify enough current to 
supply the field, and this device takes the place of the exciter 
in some alternators. It is seldom necessarj- to excite a direct 
current generator separately, except for experimental pur- 
poses. 

Shunt Excitation. The shunt winding is so named from 
the practice of "shunting" off a part of the armature cur- 
rent to excite the field magnets, the tenninals of the field 




1 as used in many d. c. gen- 



coils being connected directly to the bnishes. For regulat- 
ing purposes a resistance is usually connected in scries with 
the field circuit so that its current mav bo varied, and the 
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e. m. f. of the armature adjusted over a considerable range. 
When a shunt machine is started from rest, there is no e. m. f. 
in the annature at first. There is, however, a slight residual 
field present and the rotation of the armature in this field 
produces some e, m. f. This small e. m. f. sends a current 
through the field circuit and increases the flux. Thus the 
machine " builds up " and the building up process continues 
until the saturation of the iron in the core reduces the rate 
of increase of the flux with the increase in field current. A 
point is reached at which the ampere-tums of the field main- 
tain such a flux that the armature revolving in it generates 
the e. m, f. needed at the terminals of the field to produce the 
required number of ampere-tums. An increase in the speed 
will raise the e. m. f. more than proportionately, for as the 
e. m. f. of the armature increases with the speed, the field 
strength is increased unless the magnetic circuit is quite 
saturated, by the greater e. ra, f. at the field terminals. Con- 
versely, the e. m. f. decreases more rapidly than the speed, 
and below a certain critical speed the dynamo will not excite 
itself, for below this speed the e. m. f. produced by the 
annature is not sufficient to send enough current through 
the field circuit to produce the flux necessary to main- 
tain it. 

A simple laboratory experiment will serve to illustrate 
the above conditions. Suppose that a generator is driven at 
a certain speed and that the field is separately excited. Let 
the e. m. f. at the brushes and at the terminals of the field 
coil be measured. Evidently, if the e. m. f. at the bnishes 
is less than that at the field terminals, the machine will 
not be self -exciting at that speed, and it is necessary either 
to nm the armature at a higher speed or to increase 
the ampere-tums on the field by the use of a larger size 
of wire, having therefore a lower resistance. 
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Calculation of the Proper Size of Wire for a Shunt Field. 

The flux required in the air gap determines the number 
of ampere-tums to be placed on the field to supply the neces- 
sary m. m. f. The e. m. f. at the brushes will have been 
previously determined, and this e. m. f. will be available at 
the terminals of the field circuit for sending the field current 
through it. The resistance of the field coils must be such that 
when the given e. m. f. is applied to its terminals such a 
current will flow that its product with the number of turns 
will give the required m. m. f. 

The simplest method of sohong this problem is to consider 
first that all the current flows through one turn of the field 
wire. This is allowable, for with a given size of wire the same 
number of ampere-tums will be produced, no matter what 
the number of turns, because the resistance of the coil increases 
in proportion to the number of turns and the current is thus 
reduced inversely as the number of turns is increased, keeping 
the product of the two the same. Assume, then, that the 
current flows through one turn, the length of which must be 
estimated from the dimensions of the magnetic circuit. The 
resistance of this one turn must be sufficient to allow a number 
of amperes to flow through it equal to the total number of 
ampere-tums. The resistance of this length of wire having 
been determined, the size of wire possessing it is selected from 

the wire table. 

Obviously, this size of wire will not carry the current at 
first assumed, and it remains to determine how many turns 
of it will be necessary to reduce the current to a proper value. 
Each additional tum wound around the coil reduces the 
current that will flow without affecting materially the number 
of ampere-tums, until the coil becomes so bulky that the 
average length of a tum is increased beyond the original 
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estimate. It is never desirable to make the coil more than 
two or three inches in thickness, for beyond this it is difficult 
to dispose of the heat which foniis in its interior and which 
is likely to injure the insulation if allowed to become excessive- 
The limit of the current depends on the heat radiating ability 
of the coil, which in turn is detennined by the area exposed 
to the air and the temperature and circulation of the surround- 
ing air. The allowable watts per square inch of radiating 
surface, or the square inches per watt, known as the radiation 
factor, allow for a certain rise in temperature at the surface 
of the coil, say 50 degrees C. When the number of watts 
which a given coil will radiate has been estimated, the number 
of turns may be increased with consequent reduction of 
current, until the watts lost in the coil, that is, the product of 
t)ie resistance by the square of the current, are equal to its 
radiating ability. 

In calculating the resistance of a coil it must be kept in 
mind that the resistance of almost all metals increases with 
the temperature, and, therefore, after a coil has been heated, 
its resistance is much higher than when cold. For this reason 
it is necessary to increase the value of the resistance as given 
by the tables, by an amount proportional to the rise of tem. 
perature which is expected to occur in the coil. This rise of 
temperature may be calculated from the temperature coeffi- 
cient, which is the increase in resistance for a rise of one degree 
F. or C, as a proportion of the resistance at zero' degrees C. 

For example, if the resistance of a copper wire at zero 
degrees is 100 ohms, at 70° C. it is 

(I + 70 X 0.0042S4) X 100 - 130 ohms. 
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Problem lUmstraiimg ike SeJeciicm oj Stoc c; Wtrf jor a 

Fidd CoQ. 

Given: 

E. M. F.-at terminals, vohrs. lOO 

Ampere-tums requiied 5000 

Estimated length of one turn, ft 2 

Elstimated radiating power, watts 250 

Required: 

The size of wire, the nimiber of turns and the current. 

Assume all the current to flow through one turn. 

The resistance which allows 5000 amperes to flow through 
the circuit with a terminal e. m. f. of 100 volts is, from CHun's 
law: 

R ^ "T = = .02 ohm, 

/ 5000 

and this resistance is contained in two feet of wire. The 
resistance of 1 000 feet (the quantity usually found in the 
tables) is 

^ /looo \ 

R = ( 1 X .02 = 10 ohms. 

which corresponds to No. 19 B. and S. (BrowTi and Sharpe) 
gauge (hot resistance). 

To determine the number of turns needed : 

The allowable power to be wasted is 250 watts, and this at 
100 volts means a current of 

I^^P-i- E = 250 -5- 100 = 2.5 amperes, 

and the niunber of turns required is 

n = 5000 -^ 2.5 = 2000. 
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To check this result it may be noted that 2000 turns equals 
4000 feet, having a resistance of 4 X 10 = 40 ohms. The 
energy lost is 

p = PR = {2.5)' X 40 = 250 watts. 

In this calculation no allowance has been made for a regu- 
lating resistance. In order to allow for such a resistance a 
wire larger than No. 19 would be used and the current would 
be controlled in value by this resistance, or field rheostat. 

The Series Winding. The series winding is used principally 
for railway motors and for constant current generators. Of 
the latter comparatively few are used, and these onlj' for arc 
lighting. In a series winding the wire Js made large enough 
to carry the entire armature current, which is allowed to pass 




few generators. 



around the field in series with the armature. The excitation 
of the field is thus proportional to the current in the outside 
circuit, and at full load current the ampere-tums on the field 
should be sufficient to produce the required flux through the 
air gap. 
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Determination of the Size of Wire for a Series Field Coil, 

As in the preceding case, the allowable loss of power is deter- 
mined by the radiating ability of the coil, which depends upon 
the surface exposed. In this case the current which flows 
through the coil is given and a resistance may be chosen 
which will produce the allowable rate of heating with this 
current. The number of turns is also fixed by the required 
number of ampere-tums, being this number divided by the 
full load current of the armature. 

Problem Illustrating the Selection of Wire for a Series 

Field Coil. 

A series field coil ^^411 radiate 250 watts, and the full load 
current is 250 amperes. It must produce 5000 ampere-tums 
and the average length of turn is four feet. WTiat is the 
allowable resistance and what size of wire is required? 

The allowable resistance is, since P -/'/?, 

/? = P -5- P = 250 -^ 250' = 0.004 ohm. 

The number of turns is 

5000 -5- 250 = 20 turns, and as the resistance of 20 turns 
is 0.004 ohm, that of one turn of four feet is 

0.004 -^ 20 == 0.0002 ohm. 

1000 feet will have a resistance of 

0.0002 

X 1000 = 0.0s ohm. 

4 

From the wire table this is foimd to correspond to Xo. 
0000 B. and S. gauge. As this is too large to wind, it may be 
either divided in several smaller wires, preferably square in 
form, or it may be made of one flat ribbon wound edgewise. 
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Compound Excitation. Shunt excitation of a generator 
does not produce as great an e. m. f. at the brushes when the 
machine is delivering a large current to the circuit as when 
it is on open circuit. This is due (l) to the loss of e. m. f. in 
the resistance of the armature; (2) this reduces the terminal 
e. m. f. and causes a further reduction, owing to the weakened 
field, which receives less magnetizing current when the e. m. f. 
at its terminals is reduced; (3) to the armature reaction which 




. 57. Diagram of compound field 
generators and * 



occurs when the current flows through the armature, weaken- 
ing the field to the extent of the number of back ampere- 
turns produced. 

Series excitation results in a higher electromotive force for 
increase of load on the machine up to the limit of saturation 
of the field, as the field and armature currents are the same. 
It is possible, by combining the shunt and series excitation, 
to produce one that will maintain the same e. m. f. at full 
load and no load, or if desirable the armature may supply a 
greater e. m. f. at full load. 
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Estimation of Series Turns Required for Compounding, 

The calculation of the number of series turns required to 
produce a desired compounding effect requires experience 
and judgment. For practical purposes it is best to deteniiine 
by experiment the loss in e. m. f. caused by full load on the 
machine when operated as a shunt generator, and then to 
wind upon the field a few turns of wire through which may 
be sent a current from a storage batter>' or other source of 
continuous current. The current in these extra turns is 
adjusted to give the desired compounding. Having experi- 
mentally determined the proper number of series ampere- 
turns to overcome the resistance of the armature and series 
field windings and the armature reaction, it is necessary to 
decide upon the allowable resistance and consequent size of 
the series and shunt wire. As in the previous cases, the radi- 
ating ability of the coils determines the allowable losses, which 
are now produced in both the series and shimt coils. 



CHAPTER VI. 
CONSTRUCTION OF ELECTRIC GENERATORS. 

Outline. 
Elements of Electric Generators: 

The Alternator. 

The Armature. 

The core — the coils — armature windings — connection to 
cuit — ventilation. 

The Field Magnet. 

The core — ventilation — the coils — excitation. 

The Direct Current Generator. 

Commutation. 
The Armature. 

The core — the coils — the commutator. 

Elements of Electric Generators. 

An electric generator is a device for the transformatioi 
other forms of energy into electrical energy. This definr 
is very comprehensive and includes primary batteries 
thermo-electric couples. For practical purposes the trj 
formation from mechanical to electrical power is the princ 
one and will alone be considered in this chapter. The n; 
dynamo-electric machine was at one time used to designate 
electric generator and this was shortened to the meaning 
term " dynamo/' Fortunately this word is passing oul 
use and the self-defining terms d, c. generator, a, c genet 

or alternator, motor-generator set, etc., are preferred. 
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The general underlying principle of all generators is that 
of the Faraday disk generator; namely, that a conductor 
cutting a magnetic field generates an e. m. f. the direction 
of which depends upon the direction of motion and upon the 
direction of the field. Further, the e. m. f. is proportional 
to the flux density, to the velocity of the conductor, and to 
the length of the conductor. 

The different forms taken by electric generators are the 
result of the application of the general principle to particular 
requirements. For example, the apparatus developed early 
in the last century was designed for current supply from 
primary batteries, this being the only available source of 
electric power at that time. The early generators were, there- 
fore, constructed to supply the same kind of current. As the 
electric generator is inherently an alternator, complicated 
rectifying devices had to be designed to enable it to 3'ield 
direct current. The result was the development of successful 
d. c. generators. As the d. c. generator became more and 
more perfect, apparatus to utilize the output was also per- 
fected, and thus the commercial position of d. c. systems was 
firmly established. Between 1880 and 1890 apparatus was 
devised for utilizing the alternating current, including trans- 
formers, motors, lamps, and auxiliaries, and since that time 
the a. c. generator has developed rapidh\ At i)resent both 
d. c. and a. c. generators are in common use and the 
design and construction of both types are well standard- 
ized. Except for minor differences the machines pro- 
duced by various manufacturers are similar in appearance 
and performance, and they are as simple as possible in 
construction. The tendency is toward simplicity and 
away from the complicated mechanisms considered neces- 
sary at one time to overcome the faults of design and 
construction. 
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The essential elements of all generators are: 



1. A magnetic circuit for maintaining magnetic flux through 
which electric conductors can be moved conveniently, with 
a. source of magneto iiotive force for the same. This " field 
magnet " may be stationary or it may revolve. 

2. A set of electrical conductors suitably connected and 
mounted on a support, preferably part of the magnetic cir- 
cuit. Provision must be made for maintaining relative motion 
of the "armature " conductors and the magnetic flux. 

3. Auxiliary devices for conveying current from or into the 
rotating part of the machine. 

The armature of the continuous current machine invariably 
re^'olves, current being conducted from the winding through 
a "commutator " as in all constant potential and in a few 
constant current generators, or through a " rectifier " as in 
most constant current machines. In the " alternator," either 
armature or field may revolve and the current is conducted 
through " collecting rings " to or from the moving member 
in either case. " Fly-wheel-effect " often makes motion of 
the field magnet desirable. 

The source and nature of the magnetomotive force for 
the magnetic circuit of a generator determines to some extent 
the nature of the armature output. The possible sources of 
m. ra. f. as detailed in Chapter V are: 

1. Separate Excitation from an auxiliary circuit as used 
in most alternators except such as are mentioned under class 

(4). The continuous current generator supplying the field 
current is known as the " exciter." 

2. Shunt Excitation, that is by cormection of the field 
circuit across the armature tenninals. This plan is used in 
many constant potential, continuous current lighting gene- 
rators. 
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3. Series Excitation, the line current passing through the 
field circuit. It is used on constant continuous current gen- 
erators only. 

4. Compound Excitation, a combination of series and 
shunt or of series and separate excitation. Compound excita- 
tion is used either in continuous or alternating current genera- 
tors where either a perfectly uniform pressure is desired or 
where the pressure should rise with increase of load. The 
latter frequently receives the name " over-compounding.'' 

In compounding alternators all or part of the line current 
is rectified and passed through the series field coils, such an 
arrangement being usually designated " composite wound." 
A compounding effect is also produced very successfully without 
the aid of a series winding by sending the alternating current 
through the armature of the exciter, modifying its field flux 
and e. m. f. and in turn the field current of the alternator. 
This combination of exciter and alternator is called a " com- 
pensated " alternator, and the method provides for variable 
power factor as well as variable load. Alternators are, in 
general, not compounded, as they can be designed for satis- 
factory inherent regulation through the exi)erience gained 
by manufacturers during the past twenty years in which alter- 
nators have been in general use. 

All generators comprise three essential features whether for 
alternating or direct current. These are: 

1. The Armature, consisting of the supi)ort for the lamina- 
ted structure, the magnetic circuit, the winding, tlie devices 
for connecting to the line circuit, such as connnutators, brush- 
holders, etc. 

2. The Field Magnet, including mounting for the magnetic 
circuit, the field cores, the winding, the circuit connections. 

3. The Mechanical Mounting of armature and field magnet 
as a whole. 
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The Alternator. 

The Armature. The armature of the alternator, as of other 

generators, is the part in which e. m. f. is generated. In the 

alternator it may either revolve or be stationary, and the 

names reivlving field alternator, and revolving armature alter- 
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nator indicate the types from this standpoint. The essential 
fact is that the flux of the field must cut or be cut by the con- 
ductors, and which shall be done in a particular case is largely 
a matter of convenience of construction and of mechanical 
design. 

The core of Ike armature serves to support the winding and 
to act as part of the magnetic circuit. It is usually in the 
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form of a ring a few inches in radial depth and is built tip of 
thin stamping of electrical steel. These are insulated from 
each other by vamish, and they are held together by bolts 
and clamps so as to insure a substantial stnicturv. Tliis 
laminated ring is carried upon the outside of a cast iron or 
steel wheel in revolving armature machines and upon tlic 




Fig. s9- Alternator armature (Westinghoi 

showing details of coils, core and rmini' 100 k, w. 

inside of a cast iron frame when it is to rcitiiiin stiitioiiiiry. 
The purpose of laminating and insulating the stampiiiKs of 
the armature core is to prevent the circulation of lo<;il or 
eddy currents in it. The iron of the core cuts the (hix just as 
do the copper conductors, and as iron is a conthxtor, also, 
e. m. f. is generated in it and current tends to circulate in 
the same direrrions as those taken by the useful currents. 



»54 



ELECTRICAL ENGINEERING. 



By laminating and insulating the core in planes normal to 
the axis this tendency is to a large extent reduced and the 
heating due to eddy currents is rendered almost negligible. 
Hysteresis loss in the armature core is kept down by employ- 
ing the best grades of electrical steel, and the lamination and 
insulation of the sheets has no effect upon this loss except that 
in the sheet form it is easy to secure good material and to 
anneal it for the purpose of reducing the hysteresis coefficient. 
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Fir.. 60. Diagrams of a number of slot forms used in alternator arnia- 

The surface of the core in contact with the air gap is slotted 
for the reception of the coils. The slots used are of various 
forms, as shown in Fig. 60, from the open slot with straight 
sides and open top, to one almost entirely " closed-over." 
The slot construction gives excellent mechanical support to 
the conductors and permits of the use of substantial insida- 
tion upon the coils. The open slot allows the use of a coil 
completely formed and insulated before being put in its 
place upon the core. It has also the advantage of giving a 
poor magnetic circuit around the coil, and hence the coil has 
a small inductance. It does not give as good mechanical 
support for the coils as the partly closed-over slots, for the 
coils must be secured by wedges driven into grooves near the 
tops of the slots. The partly closed-over slots require a more 
expensive and tedious method of inserting the coils, which 
must either be put into place, one conductor at a time, or a 
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complete coil must be cut at one end and rejoined after being 
placed in position. 

Tke coils are formed of cotton-covered wire, round or square, 
and molded to the proper shape upon wooden or metal forms. 
These forms are usually revolved upon a lathe head in order 
to reduce the cost of manufacture and to secure uniformity 
of product. The form of the coils is largelj- a matter of geom- 
etry- and convenience of mechanical construction. 




'iG. 61. Machine- formed coil for Fio. 61. Part of alternator arm»uire 

alternator armature, bent to showing second method of "ind- 

penni% overlapping, ing. 

Common forms of coils are sho^'n in Figs. 61 and 62. ^^~ith 
the type shown in Fig. 61 but one size and shape is required 
for an armature, with the other there are usuallj' .several sizes 
and shapes required. The type shown in Fig, 62 is the niDSt 
generally used in alternators. 

The insulation of the coils is of priinc importance, as upon 
this largely depends the successful operation of the machine. 
It is one of the most difficult features of design and construc- 
tion. Varnished cloth and paper, oiled cloth and paper, mica, 
fuller-board and mineral wax compoimds, enter into the con- 
struction of armature coils. In addition to the cotton upon 
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the individual conductors, the layers are separated by fuller- 
board, and the coil as a whole is wrapped with layers of the 
various fabrics indicated. The cotton is impregnated with 
varnish or mineral wax to insure dielectric strengtli and to 
repel moisture. In many cases the slot is lined with troughs 
made of fuller -board or micanite (niica sheets cemented 
together with shellac or varnish). By means of the modem 
methods of insiUatiiig armature coils it is possible to construct 
alternators to give 15,000 volts e. m. f., but at this pressure 
the insulation occupies the larger portion of the slot space 
and the armature is consequently bulky for its output. 

Armature windings for alternators are of many different 
forms, but the same general principle is involved in all, namely. 
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Pig. 63. Diaeratn of three-phase winding using liu 
(That shown in Fig. 60.) 




to connect the conductors of each phase or section of the 
winding in series by as symmetrical arrangement as possible. 
This is indicated by Pigs. 63, 64, 6r, 62 and 59. In a single- 
phase alternator all of the conductors are commonly connected 
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in series with two terminals which go to the outside circuit. In 
a single-phase winding it is not necessary to entirely cover the 
armature surface with slots and coils, as this involves some 
waste of copper through the neutrahzation of e. m. f. in differ- 
ent parts of the same coil which would cut the same field in 
opposite directions at the same time. Polyphase windings 
are produced by dividing the polar space upon the core into 
as many sections as there are phases and each space is entirely 
filled with an independent winding. 

Fig. 63 shows a three-phase winding made of coils like 
those of Fig. 61. Fig. 64 represents a two-phase winding of 
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Fig. 64. Diagram of Iwo-phase wimiin;; iisinj; sovcnil fumis of coil. 



coils of the general form shown in Fiy. i>2. ICithcr ihrcc-phasc 
or two-phase windings may ho formed with either type i>f (nil. 
Two-phase windings as a rule consist of tw() separate cir- 
cuits with two pairs of terminals connected witli tlic outside 
circuit, each winding occupying one-half of the iinnaturc sur- 
face. It is possible and sometimes desirable to connect the 
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entire winding in series, closing the ends, and to tap into it 
at such points as will give the desired phase difference for the 
two-phase circuits as in Fig. 65. This winding is equally 




Fig. 65. Diagram of interconnected or closed-coil two-phase winding. 

Any closed winding may be thus connected. 

good for two-phase or four-phase current. It has the disad- 
vantage that the two windings are interconnected and any 
trouble in one affects the other. 

Three-pfiase windings, as indicated above, consist of three 
sections, in each of which an e. m. f. is generated, the three 
e. m. f.'s. being 120 degrees apart in phase position. For 
connection to the outside circuit the three windings may be 
connected in either of two ways. 

(a). One end of each coil may be joined to a common or 
neutral point and the other end may go to the outside circuit. 
This is the Y connection and an armature thus arranged is 
said to be Y-conneded or siar-connecied. In this style of con- 
nection the e. m. f. between line conductors is the geometrical 
"sum of the e. m. f.'s of the two windings, and as the e. m. f.'s 
arc 120 degrees apart it is v 3 times that in either winding. 
The current in the armature windings is the same as in the line 
wires to which the}' are connected. Fig. 66 shows the V-con- 
nected winding. 
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(6). The three sections may be connected in series, form- 
ing a closed winding, the junctions between windings going 
to the line. This is the A-connection and such an armature 
is called ^-connected or mesh-connected. In this case the e. m. f. 
between the line conductors is the same as that in each section 
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Fig. 66. Diagram of " Y" or star-connection of the three. armature winrl. 

ings of a three-phase armature. 



of the winding. The current in each line wire is the geometric al 
sum of the currents in adjacent windings, hence, if the cur- 
rents drawn by all lines are equal, each winding will contain 
the geometrical diflference of two currents 120 degrees a|>art. 

Each will therefore be —p= times the line current. I'ig. 67 

shows the A-connection. 

Connection to circuit. If the armature is stationary the con- 
nections to the line are made through insulatinjr flushings and 
terminals at one side of the armature frame. The current 
from revolving armatures is taken off through brass r>r steel 
collector rings carried by the shaft and well insulated there- 
from, the conductors being brought out along the surface of 
the shaft and secured firmly- in place. Stationary copper or 
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carbon " brushes " bear upon the rings and serve to connect 
them through the sHding contact with the line. The brush 
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Fig. 67. Diagram of "A" or mesh connection of the three armature 

windings of a three-phase armature. 

holders are carried upon brackets usually mounted upon the 
bed plate. 

Ventilatuyn of the armature is secured by allowing currents 
of air to flow radially through the core and windings. The core 
is made in sections with flues between, and the winding is made 
open so as to interfere as little as possible with the flow of air. 
The ends of the coils are carried well beyond the ends of the 
core and are spread out to increase their heat radiating ability. 
In ver3^ compact, high-speed alternators such as those directl\^ 
connected to steam turbines, it is usually necessary to place 
fans upon the revolving part (usually the field magnet) to 
secure a rapid circulation of air. 

The Field Magnet. The field magnet of the alternator has for 
its function the maintenance of a magnetic flux between the 
pole surfaces and the armature core. The form taken by the 
core of the magnet depends largely upon the conditions under 
which it is to operate. A revohdng magnet is of radically 
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different mechanical ctmstniction from a stationarj- one, 
althougb the magnetic and electrical foatuivs aa' the same. 
The number of poles in the magnet is dctcniiiiiod suloly by 
the frequency desired and the speed. A conductor uiwi) tlie 




lo. 68. View of "spider" collector rings for the n 
ing armature alternator (Wostingliii 



armature generates a cycle of e. m. f. in pnssiiin :i |t:iir nf ])<i!c«. 
Hence the frequency is the number of pairs uf jhiIcs |i:issed 
per second by a point on the armature. Tor cxinnpk', ii Icn- 
pole armature rotating at 720 r. p. m. pjncratcs e. 111. f. nt 
60 cycles per second. The result of this necessity for prixliic- 
ing a given frequency is that alternators have many iioles and 
these poles are small in machines of muderatc outjiut. 

The core of a revolving field alternator magnet may Iw of 
cast steel or sheet steel, cast iron being out of the question on 
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of the copper conductors must be larger to keep down the 
resistance. When cast-steel poles are used they are bolted 
to the rim of a strong fly-wheel structure of cast steel or iron. 
The rim forms part of the magnetic circuits. Sheet-steel 
poles are punched in sections as shown in Fig. 71 and the 




o 
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Fig. 71. Field core stamping of electrical steel for revolving field alter- 
nator (Westinghouse) showing bolt holes for assembling and secur- 
ing sheets. 

sections are overlapped and bolted together. The a.ssemblcd 
field core is supported upon a cast fly-wheel structure by dove- 
tail groove and tenon or other mechanical device for insuring 
rigidity. Sheet-steel poles have the advantage of obviating 
the formation of eddy currents through the fluctuation in the 
flux. Such fluctuation is always present with slotted arma- 
tures which tend to localize the flux in " bunches." As the 
bunches of flux " snap " from slot to slot they cut the i)ole 
iron and tend to generate local currents therein. 

As revolving field alternators are usually of the engine- 
t3'pe (directly mounted upon the engine shaft) the field struc- 
ture supplements or takes the place of the fly-wheel, hence the 
weight is not objectionable. 

The stationary field magnet of a revolving armature machine 
is simpler in construction than a revolving magnet. The pole 



i64 



ELECTRICAL ENGINEERING. 



cores are either of sheet steel or cast steel. If of the former, 
the stampings are provided with a dove-tail tenon and after 
assembling are cast into the iron frame. The latter in all 
large machines is made in two sections so that the upper part 
may be lifted off to expose the annature for inspection and 
repair. 
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Fig. 7». Field core stamping ot electrical steel for revolving 
alternator (Allis-Chalmers Co.) showing dove-tail tenon to be 
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The venlilalion of the revolving field is provided by air 
ducts in the laminated structure corresponding to those in 
the armature core. It is not practicable to use such Sues with 
stationarj' field machines. 

The coils of the field magnet are wound either w4th cotlon- 
covered square or roimd wire or bare copper strap bent edge- 
wise as shown in Fig. 73. The last named is afterward 
insidated by sheet insulation inserted between turns. The 
strap winding possesses mechanical stability and is used on 
most large machines particularly of the rotating field tj-pe. As 
an exciter e. m. f. of not over 135 volts is used the insulation 
of the field coils presents no difficulty. Wire-woimd coils are 
impregnated with insulating varnish and securely taped, but 
the outer surfaces of strap wound coils are left unprotected 
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in order that the exposed edges of the copper strap may directly 
radiate the heat generated in it. 




Fig. 73. Alternator pole core with strap edgewise wound cciil (G. E. Co). 



The field coils are held in position by wedpcs or by bolt-s iind 
clamp plates and the fastening must be such that there will 
be no chafing of the coil insulation. In manj- machines brass 
or copper plates or grids are wedged into grooves punched near 
the outer ends of the pole pieces. These serve to hold the field 
coils in position. The most important function of these 
"dampers" is to increase the steadiness of rotation of the 
revolving part, for when two or more alternators arc operating 
in parallel, that is, supplying current to the same circuit, 
there is a tendency for them to interchange current if they do 
not all revolve at perfectly unifonu angular velocity. Hy the 
generation of eddy currents in the dampers and l)y their 
action upon the field, steadiness of running is increased. 
Dampers are absolutely necessary with sheet-steel poles. 
When solid poles are used the steadying currents circulate 
in the pole pieces and render the use of datujicrs less 
important. 

Tke excitation of alternators is provided usually by :ui 
auxihary d. c. generator with a capacity of fnim two to live 
per cent of that of the alternator and with a ranne of from Ho 
to 125 volts e. m. f. One exciter may supply several alter- 
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nators n-ith field current in a power station. A revolving field 
winding receives its exciting current throu^ ccdlector rings of 



^ 




h 



Pre. 74, General view of large compound wound d.c. generator (G. E. Co.). 
iron or brass similar in general form to those shown in Fig. 
68 but only two in number. 

The Direct Current Generator. 

The only radical difference between the direct current gener- 
ator and the revohnng armaturt; alternator is the commutator, 
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the device which permits the machine to furnish continuous cur- 
rent in spite of the fact that it generates an alternating e. ni. f, 
in its windings. The principle underlying the rectifying action 
of the commutator is shown in Figs. 75 and 76. Fig. 75 
represents a bipolar field with an armature consisting of a 
ring core wound continuously with coils of wire forming a com- 
plete closed circuit. As the armature revolves it generates 
e. m. f. under each pole, but these polar e.m.f.'s oppose each 
other in the armature circuit, hence no current flows, Con- 




Fic 75 Diagram illustrating prin- 
ciple of commutation brushes 
bearing directly upon winding. 



Fig. 76. Diagram illusiraling the 
purpose of the commutator in 
d. c. generators. 



sider that the outer surface of the conductors is bare so that 
fixed contact brushes may nib upon them. Continuous cur- 
rent may be taken from these brushes if they are placed 
between the poles, for the e. m. f.'s generated under the poles 
are stationary in direction with respect to the poles although 
alternating with respect to the conductors. Obviously it is 
impracticable to allow the brushes to bear upon the conductors 
as it would be very difficult to insulate them.* Instead, a 



* A number of generators of con 
exactly along these lioes and they were i 
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cylinder of copper split into a number of segments, which are 
insulated from each other, takes the wear which would other- 
wise come upon the conductors. These commutator segments 
are tapped into the windings at equidistant points as shown 
in Fir. 76 and the commutator is mounted upon the armature 
shaft near one end of the core. 

The Armature of the d. c. generator for mechanical reasons 
invariably revolves. The current is taken from the armature 
through a commutator and brushes, and if the armature 




[uw uf large d. c. engire 
■ from end showing bond - 
(G. E,). ing rings for equalizing potential 

in different parts of winding 

(G, E. Co.). 

remained etationar.' the brashes would have to revolve with 
the field magnet. The mechanical mipracticability of this has 
been demonstrated by imsuccessful experiments. Further, 
the brushes need adjustment to prevent sparlong and this can 
only be done satisfactorily while the machine is in operation. 
It would be almost imjiossible to adjust the brushes if they 
were revolving at high speed. 
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The core of the armature is esscntiaWy t\K same as that nf a 
revolving armature alternator. The radial depth of eon.* is usu- 
ally greater than in an alternator of the sauie cai>aciti,-. as the 
d. c. machine has fewer and lar^r polos, hence the flux jxt pole 
is greater. In general, also, the slots are smaller in size and 
greater in number, as it is necessarj' to keep down the niuiilH.T 
of turns in a coil in order to allon' of successful coiiuniitatioii. 
It is difficult to reverse the current in a coil which has a V^Tfx 
number of turns and a consequently largo inductance. 

The coils are of the form shomi in Fi|i. 6r and in seitiun 
in Fig. 79. They are all connected in series with the cuds 




Fro. 79. Cross-section of d. c. armature toolh. curliifdirs iinil iiisulu- 
tion (AlUs-ChalmiTS Co.). 

closed, forming the closed wimliiitj. In connectiim tlie coils 
in series two methods are used, producing: 

(a) The series or wave winding. 

(b) The lap or parallel winding. 

The series winding is similar to that shown for the lliree- 
phase alternator in Fig. 63, cxcejrt that all of llic coiirlmlorN 
are coimected in one circuit, the ctkIs of wliii li are 1 lost d. 
The name " series " is given to this winding heciuisi: all of 
the conductors are connected as nearly in series Jis iMis^ible, 
Reference to Fig. 75 will show that in a closed winding there 
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can never be less than tvo paths throu^ the wmdmg between 
any nro points. 1W series winding is, therefore, ooe in which 
there are two paths or circuits between brushes regirdless 
of the number of pdes. The manner in which this is accom- 
plished is shown in Fig, So. 



1 




Pic. 8o. Digram ol nave ninding for d. c. armature as used i 
way and other matois and some geoerauiis. 

The diagram represents the winding cut between slots I and 
15 and laid out flat or " developed." If the diagram were 
cut out and pasted to form a ring it would represent exactly 
the appearance of the coils in place. Coils like those shown 
in Fig. 61 are placed with one side in the bottom of one slot 
and the other in the top of the third slot away. The solid 
lines indicate that the corresponding coil side is in the top 
of a slot, the dotted lines that it is in the bottom of a slot. 
Dotted end connections are in the lower plane or slot-bottom 
plane, solid end connections are in the upper plane or slot- 
top plane. The coils may be designated l^[, 2,5^, etc. As 
many turns as are needed to produce the desired e. m, f. may 
be wound in each coil before it is connected in series with 
the next one. As a rule this number is very small. The 
connections of the coils may be followed by taking a starting 
point a and tracing the path of the current in either direction. 
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Assume that at a particular instant commutator lead a is 
connected to the commutator bar under a brush. The series 
from left to right is then as follows: 

Coil 8^11^ to coil 1 5,3ft to coil 7,1 o^ to coil 14,2^ to coil 
6,9ft to coil I3,lft to coil 5,8ft to coil 12,15^ to coil 4jft to coil 
Ii,i4ft to coil 3,6ft to coil 10,135 to coil 2,5ft to coil 9,i2ft to 
coil 1^5 to coil 8,1 Ift which is the starting point and which 
therefore closes the winding after all slot space has been filled. 
Each junction between coils is connected to a commutator 
bar as shown in Figs. 80 and 76. The e. m. f. produced by 
.such a winding is one-half the sum of the average e. m. f's. 
of all the conductors. The wave winding produces, therefore, 
the greatest e. m. f. possible from a given number of conduc- 
tors. It is useful where a high e. m. f. is desired and where 
the current output of the machine is not excessive. It cannot 
be used in very large generators ])ecause the conductors 
would be too massive for convenient mechanical construc- 
tion. 

The choice of the number of slots and pitch of coils (distance 
between sides measured in slots) is largely a geometrical 
matter. As the two sides of a coil are in series, one nmst be 
under a north pole when the other is under a south pole or 
their e. m. f's. ^411 neutralize. Tlie coils nuist therefore be 
approximately as wide as the distance between pole centers. 
The number of slots cannot be a multii)le of the luimljer of 
poles, however, or the winding would close upcm itself before 
the slots were filled. Hence the total number of slots is 
one more or less than a multiple of the number of poles. In 
the case taken, a four-pole machine, the numljcr of slots is 
15 or one less than four times four. Seventeen would have 
been just as satisfactor\^ as would 19, etc. This principle is 
very much like the " hunting tooth " used with spur gears 
to prevent uneven wear. That is if the number of teeth 
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upon the gear (or larger wheel is an even multiple of the num- 
ber upon the pinion the same teeth will always be in contact 
and uiievenness of wear will result. If a tooth be added to or 
subtracted from the number upon the. gear, the teeth will be 
continually changing places with respect to each other. 

The lap mnding is made from the same coUs as the series 
winding, but instead of the connections progressing in a 
" wave " around and around the core, adjacent coils are con- 
nected in series, as indicated in Fig. 8r. The same number 
of slots and poles and the same width of coils, in fact the 
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. Si. Diagram af lap winding for d. c. armatures as used in '. 
d. c. generators, rotary converters and some motors. 



same coils are used in this case. Starting at the same coil 
as before, 8,llt, from the point a the coils are connected in 
the following order: 

Coil 8,llj to coil 9,l2i to coil 10,13^, etc., progressing 
forward one slot each time. In this winding there are as 
many paths as poles, for the e. m. f's. generated under suc- 
cessive poles are in opposite directions. The effect is similar 
to a series of four cells of batterj' connected as in Fig. 82. 
Each cell represents the e, ra. f. generated under one pole of 
the field. They are connected -{- to -\-, — to —,-{- to ~\- and 
— to - . No current can flow around the battery circuit 
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and to utilize the current in an outside circuit the two + and 
the two — points must be connected together. Similarly 
four brushes are needed for the four-pole winding sho\ra and 
the two pairs of positive and negative brushes must be con- 
nected together. Only two brushes are needed for the series 
winding. The lap winding is used for all large generators. 
The total current is divided up among a number of armature 
circuits, so that the conductors may be small and easily 
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To outside circait 
i celU in pantUeL 



Fig. 82. Diagram showing four cells of battery connected like the 

sections of a lap wound d. c. armature. 



handled. The choice of the number of slots in a lap winding 
is a simpler matter than in the preceding case. Practically 
any number of slots will be satisfactor3\ 

There was originally a great deal of trouble with lap wind- 
ings caused by the interchange of current among the various 
paths of the winding when the e. m. f's. were not ecjual in 
them. This is now prevented by bonding together a number 
of equi-potential points in the winding, the rings for this 
purpose being located at the end of the core opposite to the 
commutator. 
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The Commutator. The principle of the commutator has 
already been briefly described. Its mechanical construction 
is indicated in Fig. 83. The segments are of rolled or forged 
copper and they are separated by soft mica insulating sheets. 
This mica must wear down evenly with the copper hence its 
consistency is important. The segments are wedge-shaped 
so that when drawn radially inward they support each other 
like the stones of an arch. TTicy are drawn together bj' hol- 



FiG. S3. View and 




(G E Co.l, showing seg- 



low cone collars which bear upon lugs projecting from the 
ends of the segments. These lugs are turned to form a smooth 
cone after the segments are assembled. The collars are insu- 
lated with mica from the segments and they are held in place 
by nuts upon the commutator shell or by bolts passing from 
end to end under the segments. The segments are also pro- 
vided with lugs for connection to the windings. These 
" leads " from the coils which are to be connected in series 
are joined in the commutator lugs which thus perform two 
functions. 
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The " brushes " are small carbon blocks pressed against 
the commutator by springs and supported in brass frames 
or brush holders. The brushes are inclined to the radial 
direction, in some cases in the direction of rotation, in others, 
against it. The purpose of this inclination is to prevent 
vibration and consequent sparking. The brushes are partly 
copper-plated to permit the soldering of flexible cables or 
" pig-tails " to them. This mode of connection reduces the 
heating by improving the electrical connection between the 
brushes and the holders. 

The brush holders are carried upon studs mounted in a 
ring which can be moved or rocked backward and forward 
to permit the adjustment of the bnishcs to the " sparkless '• 
position upon the commutator. In large machines this 
" rocker arm or ring " is operated through gear and hand 
wheels. 

The Field Magnet of the d. c. generator does not differ in 
essential principle from that of the revolving armature alter- 
nator. A noticeable feature is that the poles are usually 
larger than in an alternator of similar output. There is in 
this case no restriction as to frecjuency and the number and 
size of poles may be determined from considerations of manu- 
facturing economy and convenience. The field magnets are 
always stationary and the pole pieces arc usuall3^ built up 
of sheet-steel punchings bolted against or cast into a cast 
iron or steel frame. As in the case of the alternator the lami- 
nation of the pole pieces prevents the circulation of eddy 
currents. There is an additional advantage in this case. 
The operation of a d. c. generator is much better if that por- 
tion of the pole piece next the air gap is heavily saturated. 
With punched pole pieces part of the pole shoe can be cut 
away by a number of methods of which a good example is 
shown in Fig. 84. Alternate punchings are reversed in build- 
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ing up the core so that for a short distance into the pole the 
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Fic. 84. Pole stamping for d. c. generator field core (Allis-Chalmers Co.) 
ehowtng one-half pole face cut away to produce magoetic saturation. 

net steel section is but one-half what it would be in an ordinary 
pole. 

The field coils are similar to those of the alternator except 




compound generator, showing shunt and 



that they are usuallj' in two sections: (o) the shunt coil of 
round or square wire, carrying a small exciting current; and 
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(b) the series coil of copper strap, carrying the line current. 
The coils are supported in such a manner as to allow excellent 
ventilation which is doubly important on account of the 
presence of two coils. The coils of each section are connected 
in series, the shunt coils being connected either across the 
brushes or across the terminals of the machine (short and 
long shunt, respectively) with a regulating resistance in series. 
One end of the series windings is connected to a brush, the 
other to the line. 



CHAPTER VII. 
OPERATION OF ELECTRIC GENERATORS. 

Outline. 
Regulation: 

Alternator Characteristics: Regulation — Efficiency — Iron loss — Satur- 
ation — Heating — Short-circuit. 

Alternator Handling: Synchronizing — Distribution of load — Balanc- 
ing of phases. 

D. C. Generator Characteristics: General Principles — Field Compound- 
ing — Commercial Compounding — Saturation — Efficiency. 

D. C. Generator Handling. 

Regulation. Electric generators in general have for their 
purpose the transformation of mechanical into electrical 
power through the cutting of a magnetic field by conductors. 
Their output is produced under certain specifications as to 
e. m. f., frequency, allowable steady and momentary current, 
etc. For example an alternator may be expected to deliver 
at a certain speed, an e. m. f. which is within a specified per- 
centage of a constant value when the load is varied in amount 
and character. This is known as its regulation or inherent 
regulation, the latter name indicating that the e. m. f. is 
regulated by the machine itself and not by any auxiliary 
devices. Occasionally a generator is required to produce a 
constant current in which case specifications call for a cer- 
tain current regulation with variable resistance in the circuit. 

The operation of all machines may be determined by simple 

178 
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tests and the results of these are always exhibited graphically 
in the form of characteristic curves. 

It is necessary that engineers agree upon the tenns to be 
used and the tests to be employed in rating electrical machines, 
and this is done through the Standardization Committee of 
the American Institute of Electrical Engineers.* The report 
of this committee, revised from time to time, forms the basis 
of agreement between manufacturer and purchaser. The 
paragraphs relating to the matter of regulation are as follows: 

D. REGULATIOX. 

(I) DEFIXITIOXS. 

Definition. The regulation of a machine or apparatus \n regard to 
some characteristic quantity (such as terminal voltage, current or speed) 
is the ratio of the deviation of that quantity from its normal value at 
rated load to the normal rated load value. The term "regulation," 
therefore, has the same meaning as the term "inherent regulation." 
occasionally used. 

Constant Standard. If the characteristic quantity is intended to 
remain constant (e.g., constant voltage, constant speed, etc.) l^etween 
rated load and no load, the regulation is the ratio of the maximum varia- 
tion from the rated-load value to the no-loa<i value. 

Varying Standard. If the characteristic quantity is intended to 
vary in a definite manner between rated load and no loa<l, the regula- 
tion is the ratio of the maximum variation from the specified condition 
to the normal rated-load value. 

(a) Note. If the law of the variation (in voltage, current, speed, 
etc.) between rated-load and no-load is not specified, it should l)e assumed 
to be a simple linear relation; i.e., one undergoing uniform variation 
between rated-load and no-load. 

(6) Note. The regulation of an apparatus may, therefore, differ 
according to its qualification for use. Thus, the regulation of a com- 
pound-wound generator specified as a constant-iK:)tcntial genomtor, 
will be different from that which it i)ossesses when specified as an over 
compounded generator. 

In Constant-Potential Machines the regulation is the ratio of the 
maximum diflference of terminal voltage from the ratc(l-loa«l value (occur- 
ring within the range from rated-load to opon-circuit) to the ratod-loa*! 
terminal voltage. 

♦ The complete report of the committee may he obtained at a nominal 
price from the Am. Inst, of Elec. Engineers. 33 West 39th St., New York 
City. 
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I- C.:xsTANT-Cv3.3tEXT MArHixES tbe regulation is the ratio of the 
ruLximum viirTfrvtice :: cthttvh: ir?n the rated-k>ad value (occurring 
w-.th-.n :he rirvs- -r".:::! nte-i-jrui :o sbor:-circuit. or minimum limit of 
OT^n::.-n . to ihe ritei-'.':^! c^irr^nt. 

In C N5T\NT-??-nrEi A??.\s_\7V5. the regulation is the ratio of maxi- 
muni d:~enf=v^ of r*?-arer :r:~ the rated -'^oad value (occurring within the 
rir.5>? .^: o:^rit:on st^^ridei t,-* the rited power. 

Ir. vT N-5TAXT-S?EEr D:xEOT-CvaaEXT Motors and Induction Mo- 
Tv^'Kii the re^y-*:::n is the r»t:o of the maxinium x-ariation of speed from 
its rate\i-'..\ivi V3.1ue cvcurrto^ within the range from rated-load to no- 
load tv^ the ratei '.-Aii ^^ee^i. 

The regulation of an induction motor is. therefore, not identical with 
the slip of the ntotor. which is the ratio of the drop in speed from syn- 
chr\?nisn:. to the synchr-'^nous sreed. 

In Cv^xs t.vxt-Poten*t:al Transformers, the regulation is the ratio 
of the rise of secv>ndar\- terminal voltage from rated non-inductive load 
to nvvl..\ii at constant pri::tar\* impressed terminal voltage) to the 
secv^ndary terminal voltai:e at rated k>ad. 

In OvER-CoM?».^VN*r»E:^ Machines, the regulation is the ratio of the 
maximum dinorenoe in voltage from a straight line connecting the no- 
load and ratevi-lvxad values of terminal voltage as function of the load 
current, to the rated-Iv>ad terminal voltage. 

In Converters. Dynamotors. Motor-Generators and Frequency 
Converters, the regulation is the ratio of the maximum difference of 
terminal voltage at the output side from the rated-load voltage, to the 
rated-load voltage on the output side. 

In Transmission Lines. Feeders, etc., the regulation is the ratio 
of the maximum voltage difTerence at the receiving end, between rated 
non-inductive load and no-Kxui to the rated-load voltage at the receiv- 
ing end <,wi^h constant voltage impressed upon the sending end). 

In Steam Enoines, the regulation is the ratio of the maximum varia- 
tion of speed in passing slowly fn.^m rated-load to no-load (with con- 
stant steam pressure at the throttle'^ to the rated-load speed. For 
variation and pulsation see Sees. 50-64. 

In a IIvDRAULic Turbine or Other Water-Motor, the regulation is 
the ratio of the maximum variation of speed in passing slowly from rated- 
load to no-load (at constant head oi water; i.e.. at constant difference of 
level Ix'tween tail race and head race"!, to the rated-load speed. For 
variation and pulsation see Sec. 50-64. 

In a Genkrator-Unit. consisting of a generator united with a prime 
mover, the regulation should be determined at constant conditions of 
the ])rimo mover; i.e.. constant steam pressure, head, etc. It includes 
the inherent speed variations of the prime-mover. For this reason the 
re*'ulation of a generator-unit is to be distinguished from the regulation 
of't'ither the prime-mover, or of the generator contained in it, when taken 
separately. 
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(II) COXDITIOXS FOR AXD TESTS OF REGULATIOX. 

Speed. The Regulation of Generators is to be determined at con- 
stant speed and of alternating apparatus at constant impressed fre- 
quency. 

Non-Inductive Load. In apparatus generating, transforming or 
transmitting alternating currents, regulation should be understood to 
refer to non-inductive load, that is. to a load in which the current is in 
phase with the e. m. f. at the output side of the apparatus, except where 
expressly specified otherwise. 

Wave Form. In alternating apparatus* receiving electric power, 
regulation should refer to a sine wave of e. m. f., except where expressly 
specified otherwise. 

Excitation. In comrautating, rectifying machines, and synchron- 
ous machines, such as direct-current generators and motors, alternating- 
current and polyphase generators, the regulation is to be determined under 
the following conditions: 

(i) At constant excitation in separately excited fields. 

(2) With constant resistance in shunt-field circuits, and 

(3) With constant resistance shunting series-field circuits; i.e., the 
field adjustment should remain constant, and should be so chosen as to 
give the required full-load voltage at full-load current. 

Impedance Ratio. In alternating-current apparatus, in addition to 
the non-inductive regulation, the impedance ratio of the ajiparatus 
should be specified; i.e., the ratio of the voltage consumed by the total 
internal irajjedance of the apparatus at full-load current, to its rated 
full- load voltage. As far as possible, a sinusoidal current should be used. 

Computation of Regulation. When in synchronous machines the 
regulation is computed from the terminal voltage and impedance voltage, 
the exciting arapere-tums corresponding to terminal voltage plus arma- 
ture-resistance-drop, and the ampere-turns at short-circuit corresponding 
to the armature-irapedance-drop, should be combined vectorially to 
obtain the resultant ampere- turns, and the corresponding internal e. m. f. 
should be taken from the saturation curve. 



Alternator Characteristics. 

Regulation. Alternators are desijoicd to produce as nearly 
constant an e. m. f. as possible, considering the requirements 
of the load to be operated. If incandescent lanii)s are to be 
the principal load the regulation must be close, but fortunately 
incandescent lamps, being almost entirely resistance, form 
a satisfactory load. On the other hand, loads which have 



i82 ELECTRICAL ENGINEERING. 

a comparatively low power factor (say 80 per cent) such as 
arc light circuits and induction motors, seriously interfere 
with the regulation of the alternator. A lagging current 
weakens the field of the alternator and hence less e. m. f. is 
produced than with the same output of higher power factor. 
All loads cause a falling off of e. m. f. on account of armature 
resistance. 

The following table* gives the result of tests upon an alter- 
nator similar to that illustrated in Chapter VI. 

200 K.W. — REVOLVING FIELD. BELTED TYPE GENERATOR — 
3-PHASE — 2200 VOLTS— 7200 ALTS. 12-POLE — 600 R.P.M. 

Part I. Regulation. Per cent rise in voltage when load circuit is 

opened. 

Power Factor. 



oad. 


100 


95 


90 


80 




Per cent. 


Per cent. 


Per cent. 


Per cent 


li 


10.4 


16.3 


18. 1 


20.9 


I . 


8.0 


13.6 


15-9 


18.1 


i 


5.6 


10.4 


12 .2 


14.0 


J 


3-6 


7.5 


8.1 


10. 




Pa 


rt II. Efficiency. 
Power Factor. 




^oad. 


100 


95 


90 


80 




Per cent. 


Per cent. 


Per cent. 


Per cent 


il 


9385 


93-33 


92.67 


91-52 


I 


93-30 


92 .60 


92.04 


90.82 


i 


92 .00 


91-25 


90 .62 


89.30 


i 


89.06 


88.13 


87.38 


85.59 



The first part of this table contains data obtained by main- 
taining the speed and terminal e. m. f . of the machine con- 
stant while the load is varied in amount and power factor. 
For this purpose ^he load may be made up of variable resist- 

♦ The tables and curves of alternator performance are used by courtesy 
of the W. E. and M. Co. 
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ance and reactance coils. The field current is ad i listed in 
each case until the terminal e. m. f. is nonnal. The load is 
then throvra off, and after the speed has been adjusted the ter- 
minal e. m. f. is again measured. The percentage rise over' 
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BELTED REVOLVING FIELD 
200 Ks. 3 PHASE GENERATOR 


' 1 
1 

1 


2200 VOLT 7200 4T. 12 POLE 

600 R. P. M. 

2 BEARINGS 

RUN AT 600 R. P. M. 


^ 




1 
1 


1 /^ 






60 l-ivld Auip*. 
10 Kilowatt* 



FiCf. ?i6. Characteristic curves of 200 k. \v., three-phase alltrnator 

(\Vestinj;h<)UscK 



its value under load is its regulation for that case. The tabic 
covers tests for several power factors and loads. The rise ranges 
from a minimum of 3.6 per cent, when a half-load of unity 
power factor is thrown off, to 20.9 j)er cent with one and one- 
(juarter load at 80 per cent power factor. 



t84 ELECTRICAL ENGINEERING. 

Efficiency. The second part of the table shows the efficiency 
in each test in Part I. The maximum efficiency is obtained 
with the largest load and highest power factor and vice versa. 
This is not always the case as many generators are designed 
to give their maximum efficiency at full load or even less. 

Iron Loss. Fig. 86 shows other important characteristics 
of this generator. The iron loss curve is plotted between ter- 
minal e. m. f. on open circuit and k. w. absorbed in the iron. 
This loss has an important bearing upon the performance, 
for like the friction, it is always present when the machine is 
in operation. The iron loss is made up of eddy and hystere- 
sis losses, the latter being the larger of the two. 

The saturation curve, plotted between field current and 
terminal e. m. f. indicates the condition of the magnetic cir- 
cuit, as the terminal e. m. f. is directly proportional to the 
flux. This curve differs in form from the magnetization 
curves of samples of iron because the circuit is made up of air 
and several kinds of iron. The dimensions of the circuit are 
different at the several parts and all do not saturate at the 
same time. The saturation curves for different machines are 
not necessarily of the same form. 

Heating. In Fig. 86 are given, in tabular form, the results 
of heat runs on this alternator. As the output capacity of 
any electrical machine is determined by the allowable rise in 
temt>erature, such tests arc the most important. The allow- 
able rise is fixed by the maximum temperature at which the 
insulation and the iron may be safely operated- Under 
excessive heating the former is liable to soften and to 
carbonize, the latter to deteriorate magtietically by increase of 
the hysteresis coefficient (ageing). The Standardization Code 
deals fully with this matter in the following paragraphs. 
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LIMITING TEMPERATURE RISE. 

General. The temperature of electrical machinery under regular ser- 
\'ice conditions, should never be allowed to remain at a point at which 
permanent deterioration of its insulating material takes place. 

Limits Recommended. It is recommended that the following maxi- 
mum values of temperature elevation, referred to a standard room tem- 
perature of 25 degrees Centigrade, at rated load under normal comlitions 
of ventilation or cooling, should not be exceeded. 

(-4) Machines in General. 

In commutating machines, rectifying machines, pulsating-current 
generators, synchronous machines, synchronous-commutating machines 
and unipolar machines, the temperature rise in the parts specified should 
not exceed the following: 

Field and armature, 50° C. 

Commutator and brushes, by thermometer, 55^ C. 

Collector rings, 65° C. 

Bearings and other parts of machine, by thermometer, 40° C. 

(B) Rotary Induction Apparatus. The tem|)erature rise should not 
exceed the following: 

Electric circuits, 50** C, by resistance. 

Bearings and other parts of the machine 40° C, bv thermometer. 
In squirrel-cage or short-circuited armatures, 55^ C, by thermometer, 
may be allowed. 

(O Stationary Induction Apparatus. 

a. Transformers for Continuous Service. The temperature rise 
should not exceed 50 degrees Centigrade in electric circuits, by resistance; 
and in other parts, by thermometer. 

b. Transformers for Intermittent Service. In the case of trans- 
formers intended for intermittent service, or not operating continuously 
at rated load, but continuously in circuit, as in the ordinary case of light- 
ing transformers, the temperature elevation above the surrounding air 
temperature should not exceed 50^ C, by resistance in electric circuits 
and by thermometer in other parts, after the period corres|)onding to the 
term of rated load. In this instance, the test load should not be applied 
until the transformer has been in circuit for a sufficient time to attain 
the temperature elevation due to core h^ss. With transformers for com- 
mercial lighting, the duration of the rated-load test may be taken as three 
hours, unless otherwise specified. 

c. Reactors, induction- and magneto-regulators — electric circuits by 
resistance and other parts by thermometer, 50° C. 

a. Large Apparatus. Largegenerators, motors. tninsfomuTs, or other 
apparatus in which reliability and reserve overloa*! capacity are import- 
ant, are frequently specified not to rise in tcmi>erature more than 40 de- 
grees Centigrade under rated load and 55 degrees Centigrade at rated 
overload. It is, however, ordinarily undesirable to specify lower tcm])era- 
ture elevations than 40 degrees Centigrade at rated l(»ad, measured as 
above. 

{!)) Rheostats. 

In Rheostats, Heaters and other electrothermal apparatus, no com- 
bustible or infiammablc part or material, or portion liable to come in 
contact with such material, should rise more tnan 50"^ C. above the sur- 
rounding air under the service conditions for which it is designed. 

a. Parts of Rheostats. Parts of rheostats an<l similar apj)aralus 
rising in temperature?, umler the specified .service conditions, more than 
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50° C, should not 
ranged or installed 
issuing from them, 1 
{£) Limits Rbi 






' combustible material, and should be a. 
t!iat neither thev, nor the hot a 
t with combustible material. 



s Special Cases. 
!AT REsrsTiSG INSULATION. With spfiaralus in which the insu- 
lating materials have special heat-resisting qualities, a higher temperature 
elevation is permissible. 

h. HicH Air Temperature. In apparatus intended for service in places 
of abnormally high temperature, a lower temperature elevation should be 
sjiecified. 

c. Apparatus Subject to Oveuload. In apparatus which by the 
nature of its service may be exposed to overload, or is to be used in very 
high voltage circuits, a smaller rise of temperature is desirable than in 
apparatus not liable to overloads or in low-voltage apparatus. In ap- 
paratus built for conditions of limited space, as railway motors, a higher 
rise of temperature must be allowed. 

if. Apparatus for Istehmittent Sf.rvice. In the case of apparatus 
intended for intermittent seri-ice, except railway motors, the temperature 
elevation which is attained at the end of the period corresponding to the 
terra of rated load, should not exceed the values specified for machines 
in general. In such apparatus the temperature elevation, including rail- 
way motors, should be measured after operation, under as nearly as pos- 
sible the conditions of service for whicn the apparatus is intended, and 
the conditions of the test should be specified. 

The short-circuit characteristic, plotted between field and 
armature amperes, represents data obtained by short-cir- 
cuiting the armature circuits through ammeters and noting 
the field current corresponding to two or three values of ar- 
mature current. The curve is a straight line for all practical 
purposes. The cur^'e gives a measure of the magnetic effect 
of the armature upon the field, combined with the armature 
losses. For example, on short-circuit at 50 armature amperes, 
7.5 field amperes are required. The saturation cur\'e shows 
this to correspond to 680 annature volts. At 50 amperes 
680 volts have been consumed in armature impedance and in 
the weakening of the field by the armature.* In connection 
with the short-circuit curve is shown another plotted between 
armature amperes and corresponding kilowatts copper loss. 

* The curve is required in order to rate an alternator in accordance 
with paragraph io() of the Standardization Code. This paragraph 
briefly describes an empirical method for predicting the performance of 
alternators. While the method does not give general satisfaction it 
appears to lie the simplest in application and furnishes a comparative if 
not absolute rating. 
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Alternator Handling. After an alternator has been properly 
installed it is only necessary to insure constant speed and 
reasonable load and to protect it from the effects of lightning 
disturbance.* 

Synchronizing. WTien an alternator is to be connected 
in parallel with others already in operation, great care is 
necessary" in closing the switches at the projxjr instant. The 
e. m. f. of the incoming machine must have the same fre- 




FiG. 87. Arrangement of lamps, with and without transformers, for 

synchronizing a. c. y,'enerators. 



quency as the Others. The e. m. f. waves must also be exactly 
in phase, otherwise the difference between any two instantan- 
eous e. m. f. values will circulate a short-circuit current which 
maj^ be injurious to the apparatus. In order to indicate to 
the operator the prop)er instant for closing the switches, 
various synchronizing devices are used. The sim[)lcst of 
these is a string of incandescent lamps, connected between 
the two machines, as indicated in Fig. 87, the number of lamps 

♦ This has already been touched \ii>on in Chapter IV, and will he dis- 
cijssed more fully in Chapter IX, Power Stations and Sub-Stations. 
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in series being sutBcient to operate safely at twice the e. m. f. 
of the line. When the two e. m. f.'s are of the same frequency 
and exactly opposite each other in the synchronizing circuit, 
the lamps will be dark, when they assist each other the lamps 
will be bright. As the incoming machine approaches syn- 
chronous speed the light of the lamps "beats" or pulsates 
more and more slowly. When the dark periods la.st a few 
seconds the switches are closed and the operation is complete. 
Usually some cross-current will flow even with the most skill- 
ful operator but if this is not excessive no harm is done and 
the cross current tends to pull the revolving armature or 
field into exact synchronous speed. While simplest of all, 
this scheme requires the use of too many lamps for most cases, 
and the number is reduced to one by connecting the primary 
circuits of transformers to the generator and the line. Their 
secondary circuits are connected in series through the sjti- 
chronizing lamp. Patented devices are also upon the market 
which indicate by the movement of a pointer upon a dial 
the proper instant for closing the switches. The latest 
de\'elopment is a scheme for automatically closing the 
switches (automatic synchronizer). 

Distribution of load among alternators is varied by changing 
the governor setting of the driving engines. -A. change in field 
strength of any one machine simply alters the phase position 
of its e.m.f. with respect to that of the others, and has no 
appreciable effect upon the amount of load which it takes. In 
this respect the parallel operation of alternators is radically 
different from that of direct current generators. 

Balancing of phases of polyphase circuits is necessary in 
order to obtain the best performance from alternators. This 
can only be done by shifting load from one circuit to another, 
either at the switchboard or outside of the power station 
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Direct Current Generator Characteristics. 

General Principles. The function of practically all d. c. 
generators is to maintain a constant e. m. f. or to produce a 
rising e. m. f. with increase of load. The shunt machine 
obviously cannot produce increasing e. m. f. automatically 
nor can it even maintain a constant e. m. f. Hence the com- 
pound-wound generator is used wherever good automatic 
regulation is required. In some cases, where hand adjust- 
ment of field current is not undesirable, shunt machines are 
employed. As a rule, however, compound-wound fields are 
preferred, not only for their regulating properties but also 
because generators so equipped "spark " less than plain 
shunt -wound machines. As an armature coil passes from one 
side of a brush to the other, its current is reversed and its 
inductance resists this reversal. In order to force the reversal 
the coil may have generated in it an e. m. f. opposed to its 
self-induced e. m. f. Such a reversing e. m. f. is produced 
by pushing the brushes forward, that is, in the direction of 
rotation,* until the coil is situated in a magnetic field of the 
necessary strength. Naturally this is called a " reversing 
field " on account of the service which it renders to the short- 
circuited coil. In order to secure good commutation this 
reversing field should be as stable as possible. This is not 
the case in a plain shunt machine as the armature m. m. f., 
increasing with the load, very greatly weakens it. In the 
compound-wound machine it is more stal)k^ on account of 
the increase of field m. m. f. with the load, the current passing 
around the series coils on the field. The brushes of the com- 
pound-wound machine need not be shifted as nuich as those 
of the shunt machine for a given change in the load. For 

♦ The brushes are pushed backward (against the direction of rotation) 
in a motor as the current flows in the opposite direction with respect to 
the armature e. m. f. 
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loads of an extremely variable character, such as are imposed 
upon a generator by an electric railway, the compound-wound 
machine is absolutely necessary. 

Commercial Compounding. Fig. 88 shows the performance 
of a compound -wound d. c. generator * similar to that illus- 
trated in Chapter VI. On open circuit an e. m. f. of 525 
volts is generated, and this increases with the load until when 
the annature'is delivering 1700 amperes it produces 575 
volts. The lower curve is taken with increasing, the upper 
with decreasing load, the difference being due to the retentive- 
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Fic. 88. Commercial compounding curve of d. c. generator (G. E. Co.). 
Upper line with decreasing load, middle line with increasing load, dash 
line, perfect over-compounding. 

ness of the iron in the magnetic circuit. A machine with 
sufHcient series field turns to thus raise the e. m. f. with in- 
creased load is said to be over-compounded. The curves show 
that the e. m. f, does not rise in proportion to the current. 
The dash line connecting the ends of the e. m. f. curves repre- 
sents perfect over-compounding, which cannot be secured 
automatically on account of the saturation of the magnetic 
circuit. Standardization Code, paragraph 198, states that 

* Thed, c. generator curves are used by courtesy of the G. E. Co. 
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"in over-corapoiinded machines the regulation is the ratio 
of the maximum difference in voltage fn»ni a straight line 
connecting the no-load and rated-liiad vaUies oi tcnninal 
voltage as function of the load current, to the rated-load 
tenninal voltage." That is, the less the curvature wf the 
cur\-es, the better is the regulation. 

Field Compounding. The nimiber of sories-field turns to 
be used is determined by a test A'ielding the data in Fig. $9. 
While the armature current is varied, the tenninal e. in. f. 
is maintained constant at 575 volts by varying the shunt- 
field current. The curve shows that it rwiiiires in this case 
an increase from l2joo to 14900 or 2600 ampere-tums to 



Ftg. 89. FieM-o 
field ampere-ti 
ing load. 



npounding curve, d. c. generator {O. E. Co.l. showing 
Tis necessary to maintain 575 volls e. m. f, with vary 



maintain e. ni. f. against the armature resistance drop and 
the magnetic effect of the antiaturo uiwn the lield. Tlie 
cur\'e dips on account of the field saturation, more licld m. in. f. 
being required proportionately with large than with small 
armature current. 

Saturation. The saturation curve shown in Pig. ()n is plotted 
between field arapere-tums and armiiturc e.m. f., wliich is 
proportional to the flux. The curve shows that the iron in 
the magnetic circuit begins to sattirate at about ^-,0 volts 
and the steepness of the curve decreases rapidly above f^no 
volts. This accounts for the bending of the compcmnding 
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curves already referred to. Fig. 91 exhibits the correspond- 
ing core loss (in hysteresis and eddy currents) for various 
armature e. m.f.'s. 
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Fig. 90. Saturation curve of d. c. generator (G. E. Co.). 



The efficiency curve, Fig. 92, gives the relation between 
per cent efficienc\' and per cent load and shows that above 
50 per cent load the eflSciency is practically constant at 95.5 
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per cent. On light loads the efficiency is low because field 
loss, armature-core loss and friction are proportionately large, 
amounting at 5 per cent load, or 85 amperes, to jo per cent 
of the input or about 21.5 k. w. This indicates the import- 
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Fio. 51. Curves between core loss and e. m. f. (proportional to flus) in 
d. e. generator (G. E, Co.), 

ance of operating these generators, and in fact all electrical 

machines, at as larg;e a percentage nf rated load as possible. 

Handling Direct Current Generators. 
The shunt field circuits of all d. c, generators are provided 
with resistances or "rheostats" for the purpose of permitting 
the variation of the current and thus adjusting the e. m. f. 
When shunt machines are operated In parallel the load is dis- 
tributed by means of these rheostats or by varying the speed 
of the driving prime movers. Com pound- wound generators 
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cannot be operated in parallel directly for the following rea- 
son. If one machine for any reason takes more than its share 
of the load its e. m. f. will automatically increase. It will 
take still more load, and in fact will almost immediately be- 
gin to operate the other generators as motors. To prevent 
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Fig. gi. Efficiency curves, d. c, generator (G. E. Co.). 



this the series coils are all connected in parallel by a heavy 
bus bar known as an "equalizer" bar or bus. This insures the 
uniform distribution of the line current among the series coils, 
and hence if an increase of line current occurs all of the ma- 
chines will increase their e. m. f's, alike and each will take its 
proper share of the increased load. 
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TRANSFORMERS AND THEIR APPLICATIONS. 

Outline. 

Transformer Construction: 

Principles underlying Transformer Performance — Varieties of Trans- 
formers — Constant Potential Transformers. 

Structural Features — Summary — Connections — Protection from 
Lightning — The Auto-transformer. 

Series Transformers — Constant Current Transformers. 

Constant Current Transformer — Constant Current Regulator. 

Transformer Characteristics. 

Constant Potential Transformer. 

Regulation — Losses — Efficiency — Heating — Exciting Current. 

Series Transformer. 

Constant Current Transformer. 

Transformer Installation — Transformers on Polyphase circuits. 

Transformer Construction. 

Principles Underlying Transformer Performance. 

Faraday's ring, illustrated in Fig. i6, contains the principle 
of the transformer. Faraday found that when he connected 
one circuit to a battery a momentar>^ current was produced 
in the other. A similar momentary secondary current was pro- 
duced when the primary circuit was disconnected. If alter- 
nating current had been available at the time, Faraday would 
undoubtedly have applied his coil to the transfonnation of 
e. m. f., but it was not until fifty years later that this was 
actually done. In the intervening period all development w^as 
along the line of continuous current. Faraday's ring would 

195 



196 ELECTRICAL ENGINEERING. 

have made an imperfect transformer because the primarj- and 
secondary coils occupied different sections of the core, and the 
magnetic flux passed partly through the air between the coils. 
This magnetic leakage reduces the secondary e. m. f. and hence 
interferes with the regulation. 

Principle of the Modern Transformer. An alternating cur- 
rent, furnished to one coil of a transformer, sets up an alter- 
nating magnetic flux in the core which cuts other cods located 
upon it. If there is no magnetic leakage the flux is the same 
throughout the core and each turn thereon generates tlie same 
e. m. f. The e. m . f . of all coils is, therefore, proportional to their 
numbers of turns. Magnetic leakage reduces the ratio of trans- 
formation by depriving the secondan,' coil or coils of part of the 
flux which is produced by the priman.' coil. In modem trans- 
formers the magnetic leakage effect has been reduced to an al- 
most neghgible amount by placing the primary- and secondary 
windings verj' close together. 

The term primary coils is used to designate those connected 
to the source of power. The secondary coils furnish current 
to the load. If the transformer is used to increase the e, m. f. 
it is a raising or step-up transformer. If it reduces the e. m. f. 
it is a lowering or step-do^vn transformer. 

Varieties of Transformers. 

In general a transformer is a device for changing the form 
of electric power, The requirements of engineering practice 
cover the following varieties : 

(a) Transfoniiation of constant alternating pressure at a 
£xed ratio, employing the constant potential transformer. 

(6) Transformation of alternating currents at a fixed ratio, 
employing the series transformer. 

(c) Transformation from constant alternating pressure to 
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constant alternating current, employing the constant current 
transformer. 

{d) Transformation from constant alternating to constant 
continuous pressure, enipIoWng the rotary transformer or 
converter. 

The word "constant" as used in this connection does not 
mean that the quantity so designated is absolutely constant 
as there is always some variation due to imperfections of the 
machinen,-. 
Constant Potential Transfomiers. 

Construction. Modem constant potential transformers are 
illustrated in Figs. 93, 94, 95, and 96. They are of two general 
types, Figs. 93 and 94 representing the core type, and Figs. 





Fic. 93. ^^ew of small core 
type (G. E. Co, Type H> 

transformer. 



'10. g4. Cross-section of coils and c 
ot transformer shown in Fig, 
(Section in plane of .stani[iinKs.) 



95 and 96 the skell type. The former has a rectangular 
core forming one magnetic circuit and the coils arc placed upon 
the vertical limbs. The shell type has a "figure 8" fimii. two 
rectangles placed side by side, the center tongue carrying the 

* As the rotary transformer is inherently a synchronous a. c. motor it is 
discussed under that head in Chap. X. 
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coils. This core contains two magnetic circuits in parallel. 

The cores are formed from stampings of thin electrical steel, 
bolted or clamped together, and insulated to prevent tiie cir- 
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Fio. 05. View of shell-type (Fort Pig. 96 Ir ■i-scuii-ni of cnils 

Wayne Elec. Co., Type A) and core rt transformer shown 

transformer. in Fig. 95. (Section in plane 

of starapiiiga.) 

culation of eddy currents. To minimize hysteresis, the steel 
with the lowest percentage of carbon is used and it is annealed 
with great care. 

The coils are woimd either in the form of concentric cylinders 
or in flat rings, primary and secondary coils being alternated 
to reduce magnetic leakage. The coils are wound with roimd 
or square cotton-covered wire and they are impregnated with 
insidating varnish or mineral wax compounds. They are taped 
and varnished when complete and are separated from the 
core and from each other by sheet fiber or micanite. 

The complete transformer is mounted in a protecting iron 
case which is usually filled with oil. In some cases the oil 
is omitted and provision is made for rapidly circulating air 
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through the case and around and through the coils. These 
two practices give rise to the terms oil-insulated and air- 
blast transformers. 

The terminals are carried through the case in rubber, por- 
celain, glass, or wood bushings. In outdoor locations the 
wires must be brought vertically downward under protecting 
eaves in order to prevent the entrance of moisture. In indoor 
transformers they may be brought out in the most convenient 
way. In high tension transformers the bushings are very 
elaborate and they form a troublesome part of the equip- 
ment. 

Summary. The structural features of constant potential 
transformers may be summarized as follows : 

1. The coils must be so related to each other that no mag- 
netic flux passes through one which does not also pass through 
the other. 

2. The insulation of the coils must be such that no elec- 
trical connection can exist between the coils or between a 
coil and the core. 

3. The heat, which is necessarily generated in the coils 
and core, must be conveyed away without causing undue rise 
of temperature in any part of the transformer. 

4. The losses of energy in coils and core must be kept low 
in order to insure high efficiencj'. This is especially true of 
the core, which must be magnetized at all times whether the 
coils are carrying useful current or not. 

I. Magnetic Leakage. In order to insure the presence of 
the same flux in both coils, the latter are divided into sections 
and these sections are alternated in such a wav that the turns 
are practically interlaced. In the constant current trans- 
former the magnetic leakage is varied by allowing the coils 
to move imder the action of the repulsive force between them. 
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2. Insulation. The insulation of the coils is made as perfect 
as possible as follows: The wires are individually insulated 
and the layers are separated from each other with proper 
material of great dielectric strength. Between primary and 
secondary coils are placed sheets of insulating material which 
will withstand the combined action of heat and electric pres- 
sure. In addition to all of this the transformer is usually 
immersed in oil which permeates all parts and greatly, 
assists in improving the insulating properties of the other 
materials. 

3. Ventilation. The oil, by circulation, carries heat from 
coils and core to case, which has walls of large surface and 
as thin as is consistent with mechanical strength. This is 
sufficient ventilation in small-sized transformers. The radi- 
ating surface per pound is evidently less as the transfonner is 
larger. Hence in large sizes it is necessary to immerse in the 
oil, coiled pipes carrj'ing cold water. In some cases the oil 
is dispensed with and air is forcibly circulated about the coils 
and core. 

4. The core and copper losses are kept down as 
in the armatures of generators and motors by proper 
selection and application of magnetic and conducting 
materials. 



Connections. The coils are usually wound in at least two 
sections with terminals brought to a connecting plate of por- 
celain or taken through busliings outside the case. High 
tension connections are, as a rule, made inside the case, and 
low tension connections outside. By making various com- 
binations of primary and secondary coils the same transformer 
may be used for several operating conditions. For example, 
* if there are two primarj" and two secondary coils, and each 
Lprimary has 10 times as many turns as each secondary, ; 




:condary, and J 
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if each primary coil is designed for 1000 volts they may be 
arranged as follows: 

1. Primaries in series, secondaries in series, 2000 volts 
to 200 volts. 

2. Primaries in series, secondaries in parallel, 2000 
volts to 100 volts. 

3. Primaries in parallel, secondaries in series, 1 000 
volts to 200 volts. 

4. Primaries in parallel, secondaries in parallel, 1 000 
volts to 100 volts. 

Transformers are frequently constructed with taps into 
the winding at various points so that the ratio of transforma- 
tion may be changed by cutting out a number of turns. This 
is especially useful in power transmission work when it is 
desired to raise the e. m. f . of a line by a small amount without 
changing that of the generator. For example, in a certain 
railway substation it is desired to increase the e. m. f . on the low 
tension side of the lowering transformers, which are arranged 
normally to transform from 30,000 to 375 volts. Four hun- 
dred volts are required, and to obtain this increase the number 
of primary turns (high tension in this case) is decreased by 

400-375 ^ 

^^ = 6.25 per cent. 

400 

Protection from Lightning. Transformer coils have a 
large inductance and, therefore, present a very great imped- 
ance or choking action to lightning discharges. They tend to 
reflect the discharges back into the line, which is usually pro- 
vided with air gap lightning arresters. Before being reflected 
the electricity forming the discharge penetrates into the 
transformer winding a distance depending upon the severity 
of the disturbance. In doing this it very greatly strains the 
insulation upon the coils. In many transformers the end 
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turns are provided with extra hea^-j- insulation to protect 
them from lightning effects. 

The auto-transformer or single-coil transformer is a special 
type of constant potential transfonuer that is useful in special 
cases. If the primarj' winding of an ordinary constant poten- 
tial transformer be connected to the Unc, the line e. m. f. will 
be consumed imifonnlj- throughout its turns. That is, if 
it is a lOOO-volt primary and has looo turns, a voltmeter 
connected across any part of the winding will indicate as many 
volts as there are turns included between the points of contact. 
Current may be taken off from these two points and the same 
winding will serve both as primarj' and secondary. Reversing 
this process, if a section of the turns be connected to line, the 
whole number may be used as secondary and the e. m. f. will 
be raised. For example, if 500 volts line e. m. f. be applied 
to 500 turns, TOGO volts may be used as secondaiy e. m. f . from 
the 1000 turns. 

Series or Current Transformers. 

If one of the coils of a constant potential transformer is 
connected in series with a circuit and the other is practically 
short-circuited, the secondary and primary currents will be 
proportional. The connections are as shown in Fig. 97. The 
most important application of this mode of connection is in 
transforming current for measuring purposes. For e.\ample, 
if an ammeter is short-circuited upon the secondary of the 
transformer, it will indicate a current which is equal to the 
primary current midtipled bj' the inverse ratio of turns. If 
one hundred amjwres were the greatest current which a line 
carried and an instrument of 25-aniperes range were the only 
e available it could be used by connecting in the hne a trans- 
b former primarj' with any number of turns if the secondary has 
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four times the number. An arrangement of this kind is very 
convenient as it allows the construction of ammeters, watt- 
meters, watt-hour meters and electricity meters of standard 
sizes and limited range and these can be applied to any circuit 



Series TranFf ormer 




Fig. 97. Diagram of connections of series or current transformer in 

circuit. 



by the use of the series transformer. Further, as the primary 
and secondary coils are insulated from each other the indicating 
instrument need not be connected directly in the high tension 
line. Series transformers are now made in small sizes only 
and in form convenient for switchboard work. At one time 
they were used for arc lighting and other purposes but have 
been superseded b\' simpler devices. 

Series transformers are constructed under the same require- 
ments as to core loss, ventilation, and regulation as constant 
potential transformers. It is not usually necessary to encase 
them as, on account of their small size, they readily radiate the 
heat generated. 

Constant Current Transformers. 

Ajtc lamps require for satisfactory operation a constant cur- 
rent. WTien the lamps are connected in series, the current in 
the circuit may be maintained constant by a regulating device. 
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The most important of these is the series or "tub" transformer. 
The priraarj' of this transformer receives constant e. m. f, from 
the generator circuit and it maintains constant current in the 
secondary automatically, by the movement of the secondary 




transformer (G E Co ) showing coils, c 
weight device 



coils. These are carried in guides and are supported from tlie 
end of a counter-weight arm provided with an adjustable 
counter-weight. The primary and secondary coils repel each 
other when they are carrying current and hence tend to take 
positions as far apart as possible. In this extreme position there 
is the maximum magnetic leakage, and hence the lowest ratio of 
transformation of e. m. f. When the coils are in contact there 
is minimum magnetic leakage, and hence highest ratio of trans- 
formation. The secondary coils are counter-weighted to such 
an extent that they "float " when under load, adjusting them- 
selves automatically to a constant current over a wide variation 
in load resistance. The weights and cods are carried by chains 
or straps passing over adjustable cams which can be adjusted 
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to vary the length of the lever arms with the coil positions 
and thus magnify the effect of a change in position of the coils. 
An elongated type of shell core is used in constant current 
transformers and the coils are flat and well protected from 
mechanical injury. The transformer is usually mounted in an 
oil-filled case, but small sizes may be operated satisfactorily 
imenclosed.' The rating is made upon the basis of the maxi- 
mum number of standard arc lamps for which the current can 
be regulated. The current is usually 6.6 amperes. A 25- 
light transformer will regulate for any number less than 25 that 
does not force the secondary coils to their minimum e. m. f. 
position. In a two-secondary type this will be when the two 
secondary coils strike each other, in a one-secondary type 
when the secondary coil strikes the core. 

The constant current regulator is a de\nce similar in action 
and purpose to the constant current transformer, but having 
only one coil, which is connected in series with the load. The 
coil moves over a core or vice-versa, the moving part being 
counter- weighted. The movement causes the coil to be sur- 
rounded by a greater or less amount of magnetic flux and cor- 
respondingly varies the reactance of the coil. The reactance 
controls the current in the circuit. The regulator is simpler 
than the transformer but the latter has the advantage in its 
ability to transform the e. m. f. at the same time that it is regu- 
lating the current. For example, a generator delivers 2200 
volts to a line and a 35-lamp circuit is to be operated from it. 
Assuming that each lamp requires 85 volts and allowing for 
10 volts line drop per lamp, 3325 volts will be consumed in 
line. There are three arrangements which will satisf3' the 
requirements: 

I. A 35-light transformer may be used and its primary' 
and secondary circuits arranged with sufficient numbers of 



306 ELECTRICAL ENGINEERING. 

trims to give the necessary maximum secondary e. m, f. (3325 
volts, ) 

2. The lamps may be divided into two circuits and a regu- 
lator placed on each. 

3. The e. m. f. may be raised to, say, 3500 volts in a constant 
potential transformer, and a regulator connected in series with 
the lamps in the secondary'. 

Transformer Characteristics. 
Constant Potential Transformer Characteristics. 

Regulation. Tlie function of this type is to produce the 
rated si^condary current without unnecessary falling off of 
e. m. f. The secondary current may vary in power factor 
as well as in amount. As stated in paragraph 197 of the 
Code, " the regulation is the ratio of the rise in secondary 
tenninal voltape from rated non-inductive load (at constant 
primarj- empressed terminal voltage) to the secondary- tenninal 
voltage at rated load." Further, the transformer must operate 
without excessive rise in temperature, such excessive rise 
being injurious to the insidation, causing increase of resist- 
ance and rendering the core iron liable to " ageing." Code, 
paragraphs 283 and 284, recommend the allowance for tem- 
perature rise, measured by increase in resistance of the coils, 
not to exceed 50°C. above the surrounding air. 

The following table * gives the regulation at full load for 
the shell tj-pe of transfoniier illustrated in Figs. 95 and 96. 

For other loads the regidation is foiuid by simple proportion. 

The table indicates that the regulation is best for unity 
power factor and that it is worst in tliis case at 80 per cent 
power factor. The magnetic leakage of the transforxner pro- 
duces reactance which consumes e. m. f. and thus interferes 

* This table and the curves of Figs. 99, 100, and loi are used by 
courtesy of the Fort Waj 





TRANSFORMERS AND THEIR APPLICATIONS. 207 

with perfect regulation. The fact that this reactance cannot 
be very great is evidenced by the fact that even in the worst 
case the combination of resistance and reactance (impedance) 
causes a rise of but 3. 1 per cent when full load of the most 
unsatisfactory power factor is thrown off. It should be 
noted that the maximum rise will not necessarily occur 
at the same power factor in other transformers. The power 
factor at which it occurs depends upon the resistance 
and reactance (caused by magnetic leakage) in the trans- 
former coils. 

REGULATION OF 60.CYCLE, 5 K.W., TRANSFORMER. 

PRIMARY VOLTS 1 100/2 200. 

Per Cent. Power Factor. Per Cent. Regulation Full Load. 
100 2.0 

95 2.5 

90 2.8 

85 3.0 

80 3.1 

75 30 

70 30 

Losses. The characteristic curves of the same transformer 
are shown in Figs. 99, 100, and loi. Fig. 99 contains curves 
of the power losses with different secondary loads of unity 
power factor. The core loss (63 watts) is the same at all 
loads, as the frequency and density of flux remain constant. 
The secondary load increases from zero to 27 amperes, the 
primary current increasing practically in the same proportion. 
The copper losses vary as the square of these currents. The 
total losses in this transformer, therefore, increase from the 
core loss with secondary on open circuit in accordance with 
the curve marked " total loss. " 
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Efficiency. Fig. lOO shows the efficiency for the same trans- 
former. This is the ratio, in per cent, of the output to 
the sum of the output and losses. The efficiency reaches 
its maximum value, in this case, at about three-fourths load. 
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Fio. 9Q. Curves showing variation of transformer li 
t (Fort Wayne), 



In anj' transformer the location of the maximum efficiency 
point depends upon the relation of the iron and copper losses. 
A transformer may, therefore, be designed to suit a large or 
small average load. For example, a transformer, which is 
to supply its full load current continuously to an electric 
furnace will be designed for a high efficiency upon full load. 
Another, which will be loaded ordinarily to but one-fourth 
its normal full load, will be designed for high efficiency upon 
light load. Tlie fonuer niaj- have a comparatively large 
iron loss, the latter must ha\'e a comparatively small iron loss. 
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Heating, Fig. loi represents a " heat run " on this same 
transformer. The temperature continues to rise for a number 
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Pig. 100. Curve showing variation of transformer efficiency with load 
(Fort Wayne). 

of hours. As transformers are usually employed for inter- 
mittent service it is unlikely that the equivalent of a continu- 
ous load will ever be applied to them, Hence, for example, 
for lighting purposes a transformer may be considered safe 
if the rise at the end of a three-hour run docs not exceed the 
allowance. The curves show that a greater rise is indicated 
by resistance increase than by a thermometer in the oil. This 
is due to the greater temperature which exists in the interior 
of the coils. 

Exciting current In constant potential transformers. \\'hen 
the secondary circuit is open a certain current flows into the 
primarj' for the purpose of: 

(a) Magnetizing the core. 

(b) Supplying the core losses. 
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This is the exciting current and as it flows continually for 24 
hours per day, and as it does not register upon the consumer's 
meter, it is a matter of importance to the supply company. 
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Fic. loi. Curves showing increase of temperature with duratioa of 

load in transformer (Fort Wayne). 

The magnetizing component of the exciting current represents 
no loss of power as it is in quadrature with (or 90° behind) 
the line e. m. f. The core loss component, however, is a power 
loss. Take for example, the transformer performance shown 
in Fig. 99. The "all-day" loss is 63 watts whether any sec- 
ondary current is flowing or not. 63 watts for 24 hours is 
1513 watt-hours, or, say, 1.5 k. w. hours per day, or 548 k. w. 
hours per year. As the selling price of this energy would be 
at least 10 cents per k. w. hour, the company loses what might 
have been sold for S54.80. Of course the company does not 
lose this much, as the loss is computed in determining the 
selling price of the energy. Obviously it is not the power 
efficiency of a transformer, but rather the energy efficiency 
which is most important. The latter is frequently called the 
aU day efficiency to distinguish it from the former. As an 
example of the calculation of all-day efficiency, suppose 
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that the transformer, which is shown in Fig. 99, operates 
for three hours at full load (5 k. w.) during a day. The 
energy loss in the copper is (from the curves) (55 + 45) X 3 
or 300 watt-hours. The all-day core loss is 1 51 3 watt -hours 
and the total all-day loss, 1813 watt-hours. The output is 
15,000 watt-hours, the input 16,813 watt-hours and the 
actual corresponding all-day or energy efficiency is approxi- 
mately 89.2 per cent. 

Series Transformer Characteristics. 

The important curves for series transformers are those 
showing the relation of primary and secondary current at all 
values of load. As these devices are usually constructed for 
operation with particidar instniments, which are calibrated 
in connection with the transformers, the regulation is not a 
matter of interest to others than the manufacturers, assuming 
that the instruments indicate correctly under specified opera- 
ting conditions. When a series transformer is to be used 
independently its curves should be obtained. 

Constant Current-Transformer Characteristics. 

Given a constant primary e. m. f., this tj'pe of transformer 
should deliver a constant current. Obviously this current 
cannot be absolutely constant as a change is necessary to 
cause the regulating mechanism to operate. This change is 
so sUght as to be entirely negligible, and the current may be 
considered as constant for all practical purposes. By adjust- 
ment of the counter-weights the current may be made 
to increase or decrease with the load, but this is seldom 
desirable. The variation of current with e. m. f. (that is 
with the number of lamps in series) will follow a straight 
line law. 
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Transformer Installation. 
Transformers are treated 
as a considerable fire risk 
and for this reason are 
placed preferably out of 
doors. \\Tien necessarily 
installed indoors they are 
preferably mounted in a 
brick or other fire-proof 
chamber with ventilation 
to the out-door air. A 
satisfactorj' plan is to 
place the transfonuers in 
out-door manholes with 
underground ser\'ice con- 
nections. In Fig. 102 is 
shown an excellent pole 
mounting of the trans- 
former previouslj- dis- 
cussed. The iron case is 
bolted to two strap-iron 
hooks which hang from 
the upper cross-arm and 
rest against the lower. 
The current is received 
from the line through 
fused "cut-outs" which 
serve both as switches 
for opening the circuit 
and as over-load pro- 
tecting de\'ices for the 

transformer, The wires enter and leave the case under 
projecting eaves, passing through insidating bushings. 



D. 101. Transformer (Fort Wayne) 
mounted on cross-arm, showing 
method of connection of primary 
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WTien transformers are verj- large it maj" be necessarj- to 
mount them in-doors. In this case they should be installed 
in such a manner that, should the oil become ignited it may 
bum without endangering surrounding property. WTiile it 
is not likely that the transformers will ignite themselves, 
it is a possible contingency. WTien a short-circuit occurs, 
if the protective devices do not act promptly, a large amount 
of heat will be generated in a small space and much dam- 
age may result. Further the presence of a large volume of 
oil is in itself a risk as it is apt to be ignited bj^ a fire 
originating outside. 

The grounding of the middle or neutral point in the second- 
ary^ winding of a transformer is often desirable in reducing fire 
risk and danger of life when the primary is accidentally 
grounded. With a grounded neutral it is impossible for the 
secondary to attain a potential above the ground greater 
than the e. m. f. produced in one-half its turns. Usually this 
will not be a dangerous e. m. f. 

Transformers on Polyphase Circuits. 

Two or three phases may be transformed on a single core 
provided that there are at least two paths for the flux which 
passes through any one pair of primary and secondary coils. 
Two transformers are, however, invariably employed with 
two-phase circuits and usually in this country three are used 
with three-phase circuits. Each phase of a two-phase circuit 
is treated as a separate single-phase circuit. The primaries 
may be arranged either in A (mesh) or Y (star) connection, 
as may also the secondaries. The A-connection has the 
advantage that one transformer may be removed without 
interfering seriously with the operation, the remaining trans- 
formers combined producing very nearly the c. m. f. of the 
missing transformer. This is convenient in case of accident 
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as it obviates the necessity of disconnecting the entire"bank" 
or set of transformers in case of accident to one of them. A 



Fio. 103. Core ami 




three-phase core and windings is shown in Fig. 103. The pri- 
mary and secondary coils may be connected as if they were 
mounted upon separate cores. 

In 1S93 when the Niagara Falls power projects were under 
way there was much discussion as to the relative merits of 
two-phase and three-phase machines. Three-phase circuits 
were preferred for transmission as they are more economical of 
copper, but many engineers preferred two-phase generators 
and motors. .-Vn invention of Mr. Charles F. Scott simplified 
the situation by providing an efficient means for transforming 
from two to three-phases or vice versa. As shown in Fig. 1 04 the 
secondaries of two-phase transformers may be arranged in T- 
conneciion, that is the end of one is tapped into the middle of 
the other. The three resulting terminals will then be the 
terminals of a three-phase circuit, and if secondary c containa 
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a number of turns equal to V 3 times the number in a or b, or 

r. times the number in a -f- 6, the three e. m. f .s will be equal 

2 



S-0 




Fig. 104. The "Scott" or "T" connection of transformers for changing 

from two to three phases or vice-irrsa. 

and equally displaced from each other in phase position. The 
diagram in Fig. 104 indicates the vector diagram representing 
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Fig. 105. Diagram of three-phase, six-phase transformation, by reversal 

secondary terminals of transformers. 

the Scott transforming system. The transformation will take 
place either way, that is from two to three or from three to 
two phases. 
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Polyphase currents may be transformed in an almost indefi- 
nite number of combinations largely through the ability to 
reverse the secondary connections of the transformers. As 
an example, it is often desirable to produce six phases from 



Fig. io6. Transformer 




for three-phase, 
formation. 



three. As shown in Figs. 105 and 106, if each e. m. f. of a 
three-phase circuit is reversed (shifted throu^ 180°) there 
will be a total of six e. m. f.'s displaced by 60°. This is ac- 
complished by the use of three transformers with double sec- 
ondaries. Each set of three secondaries is connected in A 
and the six-phase circuit with six wires is taken off from the 
six junctions as indicated in Fig 106. This case will serve to 
illustrate the possibilities of phase transformation. 
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By the term power station or power plant is meant that 

part of the electrical and mechanical eiiiiipment in which the 

electrical power is originally generated. It is the " heart " 

of the S3^stem. A substation is one in which the power is 

transformed for local distribution. It is connected with the 

power plant by the transmission line. 
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The elements of all stations are: 

1. The Source of Power. This may be boiler and engine, 
water wheel, gas or oil engine, synchronous motor or induc- 
tion motor. The proper one to use is that which, in the end, 
will deliver energy niost cheaply at the receiving apparatus. 

2. The Electric Generators. The different varieties have 
been covered in Chapter VI. The type for a particular case 
is selected with a view to economical transmission and appli- 
cation of power. To a certain extent the receiving apparatus 
affects the selection of the generator, but this is not the con- 
trolling influence as it is practicable to transform any one 
variety of current to any other. The economy of transmis- 
sion is most important when the power is to be transmitted 
over any considerable distance. Two general forms of practice 
in stations may be noted. 

(ii) The use of separate generators for the different varieties 
of current needed. This is the general plan in use in sub- 
stations and in power plants located near the receiving appara- 
tus. An example of the latter is in isolated plants, such as 
those in large office buildings. 

(6) The generation of a standard fonn of power which is 
afterward transformed to the different varieties required. 
This is the practice in all large plants at the present time. Tlie 
power is more efficiently produced in large units than in 
small ones and even if different varieties of current are needed 
in the vicinity of the station they are usually produced in trans- 
forming devices located in the station. 

3. The Power Auxiliaries. In connection with the prime 
movers there are various devices for increasing station econ- 
omy. The use of such devices as economizers, feed heaters, 
purifiers, stokers, etc., is to be decided upon from the stand- . 
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point of financial economy, taking into account interest on 
first cost, depreciation, and expense of operation. 
a. The Switchboards and Other Electrical Auxiliaries. These 

are most essential features of a station, and the arrangement 
of generator, feeder, and transfer switches, ammeters, volt- 
meters, circuit breakers, fuses, etc., must be carefully deter- 
mined. As a general consideration it may be said that the 
switchboard must be designed to fit the machinery, to pro- 
vide for transfer of feeder and generator circuits, both to avoid 
shut-down and to properly distribute the load. It should also 
be provided with such measuring instruments as will enable 
machines to be economically operated and to give a measure- 
ment of the daily energ.v output. 

5. The Battery Auxiliary. In modern stations the installa- 
tion of a battery is always considered, and frequently a battery 
is installed to act as an energy reservoir for emergencies and 
to serve as a load regulator. A battery, properly installed, 
may have a marked influence upon the economy and reliability 
of the operation of a station. 

Electrical Auxiliaries in Power Plants. 

All varieties of power plants have certain features in com- 
mon. The electrical equipment must be protected from 
lightning disturbance ; the current must be controlled by 
devices for opening the circuits when there is danger to appa- 
ratus from over-load; switches must be provided for trans- 
ferring the load from one circuit to another or for disconnecting 
generator and load circuits. 

Lightning Protection. Dr. Steinmetz thus summarizes the 
present views of hghtning disturbances in electric circuits:* 

" In its most general meaning, as understood now when 

• Proc. A. I. E. E.p from paper delivered at 217th meeting, March 
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dealing with electric circuits and their protection, lightning 
denotes all plienomena of abnormal voltage and abnormal fre- 
quency. 

The lightning phenomena in electric circuits then comprise: 

External lightning, the disturbances due to atmospheric 
electricity. 

Internal lightning, the disturbances due to defects of the 
circuit or its operation, etc., and 

Surges, that is, disturbances in the flow of generated power, 
brought about by the external or internal lightning, and 
depending for their energy on the power of the generator 
system, hence frequently destructive. 

The phenomena of abnormal voltage and frequency in elec- 
tric circuits are the same three classes of phenomena met with 
in the disturbances in any medium which is the seat of energ\- : 

1. Steady stress or gradual electric charge. 

2. Impulse or traveling wave. 

3. Standing wave or oscillation and surge." 

In order to relieve the stress due to these disturbances the 
abnormal charge of electricity in the circuit must be allowed to 
escape to ground without short-circuiting the line. A plan for 
doing this is illustrated in Fig. 36, Chapter IV. A grounded 
wire is separated from the line wire by a short distance across 
which the discharge jumps rather than pass through the 
highly inductive apparatus in the circuit. This is the " horn " 
arrester, used to a large extent on transmission lines. In 
power stations and sub-stations a different type is in general 
employed. A number of knurled brass cylinders are mounted 
in straight or zig-zag rows, adjacent cylinders being separated 
b\^ a few hundredths of an inch. Brass is a " non-arcing " 
metal; that is an arc is maintained with great difficulty between 
terminals of this or other zinc allovs. The combination of 



POWER STATIONS 



231 



cylinders and gaps, named a " multi-gap '' arrester, is illus- 
trated in Fig. 107. For low values of line e. m. f. a number 




Fig. 107. Small Westinghouse multi-gap lightning arrestor. 

of these gaps may be simply connected in series between the 
line wires and the ground as indicated in Fig. 108. Usually a 
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Fig. 108. Lightning arrcstnrs connected to line an<l jjjround. 

few turns of wire, known as a '' choke coil " arc connected in 
the line wire between the generators and the arrestor in order 
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to force the discharge to pass across the gaps. As the light- 
ning disturbances are usually of high frequency, it is easier for 
them to jump across the air gaps than to overcome the reac- 
tance of the choke coils. It has also been experimentally 
determined that multi-gap arrestors are more reliable when 
shunted with resistance as shown in Fig. 109,* which illustrates 
the latest developments in " shunted gap " arrestors. The 
whole matter of lightning arrestors is one presenting the 
greatest difficulty as the disturbances are of very high and 
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Fig. 109. Shunted, multi-gap lightning arrestor. 

unknown frequencies and of uncertain quantity. Much 
remains to be done in perfecting the arrestor equipment. 

Ground Detectors. Any part of an electric circuit is liable to 
become connected with the ground directly or indirectly. 
This throws the entire dielectric stress upon the insulation of 
the other conductor or conductors forming the circuit. In 
order that the presence of such a " ground " may be detected, 
an arrangement of lamps or voltmeters, known as a " ground 
detector," is located in the power plant. A good plan for low 
e. m. f. is shown in Fig. iio.f An accidental ground on the 
circuit is supposed to occur at a. No interruption of the 
service is caused by the ** ground " until another develops at 
c. The line is then short-circuited and the fuses are melted. 

* The figure is from a 1907, A. I. E. E. paper on Protection against 
Lightning by Messrs. Rushmore and Dubois. 

t From hand-book of the Assn. Fact. Mut. Fire. Ins. Cos. 
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The ground at a is discovered by placing one voltmeter switch 
lever on point I and the other on point 3, which is connected to 
ground through wire b. If the ** ground " has practicalh' no 
resistance the voltmeter will indicate the fidl line e. m. f. If 
the resistance of the " ground " is the same as that of the 




Fig. 1 10. Voltmeter and switches arrani;cd for detecting "grounds" 

in electric circuits. 



voltmeter, the e. m. f. indicated will be one-half that of the 
line. From the voltmeter resistance and the reading when 
it is grounded an approximate calculation of the " ground " 
resistance may be made. 

Voltmeters or lamps may be permanently connected between 
the wires and groimd and an indication (»f trouble will be given 
by the lighting of the lamps or the movement of the voltmeter 
needle. For high alternating e. m. f.'s the lain[)s or low 
pressure voltmeters may be connected through transformers, 
or a voltmeter of the electrostatic type may be employed. 

Switches and Circuit Breathers. The simplest device for 
opening a circuit is a blade of copper, hinged at one end and 
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making contact between flexible copper jaws. (See Fig. iii.) 
Such a switch, with its parts properly supported upon insulat- 
ing material (marble, porcelain or slate), and with the length 

- ^fc"*.- 




A quick-break s 



of " break " property proportioned to the e. m. f. of the circuit, 
can be used to open circuits wnth moderate e. m. f. and current. 
Such a switch is adapted to " transfer " purposes at much 



Fig. 1 




, A three-phi 



ch, with one oil cell removed. 



higher e. m. f. By transfer is meant the connecticm or dis- 
connection of circuits when not under pressure or carrj-ing 
current, Ob\'iously, a switch which can be depended upon to 
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open a circuit of 500 volts e. m. f. and cam'ing 100 amperes 
can be used to transfer " dead " circuits that will later be sub- 
jected to several thousand volts e. m. f. with the same current. 
It is the opening of a switch under current that renders it 
liable to short-circuit and burning. Open knife switches as 

described are not commonly used for circuit-breaking pur- 

* 

poses above 500 volts and a few hundred amperes. Such 
switches, when immersed in oil, are available for vcr^^ high 
e.m. f/s and are in general use as circuit -breakers, either auto- 
matically or manually operated. Instead of the knife blade 
type of switch, the plunger t\'pe is well adapted to high 
tension work when oil immersed. Tlie plunger switch 
comprises a metal plug drawn into and out of a split tube 
by a lever mechanism. 

In large power plants it is usual to have the switches and 
circuit-breakers located awav from the control board in fire 
proof chambers. The operation of the switches is l)y electric 
motors, solenoids or air cylinders, under the control of the 
switchboard attendant. The heavy bars and higli tension 
wires maybe placed in the best positions, with a view to econ- 
omy of material and ease of insulation. The operating board is 
thus reduced in size and may be placed to the greatest advantage. 

Switchboards. Marble panels or frames of metal and wood 
upon which instalments and switches are moimted, is given 
the general name switchboard. There is infinite variety- in 
form and arrangement of such equipment, each plant having 
its own peculiar requirements. In general, these switch- 
boards are designed to provide accommodations for ammeters, 
voltmeters, watt meters, watt-hour meters and special instru- 
ments, and such switches and circuit -breakers as are necessary 
to open the generator and feeder circuits either under load or 
when idle. If the main switches are too large to be mounted 
upon the switchboard, the control switches are arranged upon 



2 26 ELECTRICAL ENGINEERING. 

a special operating board or table and indicators show the 

condition of the main switches. 

The control equipment is located in a position from which 

the generators are visible, usually in a gallery well above the 

operating floor. The equipment is in charge of one or more 

attendants whose duty it is to prevent over-loading of machines, 

« 

to synchronize and cut out generators as required to meet the 
demands of the load and to keep watch over the output of the 
station insuring proper regulation of e. m. f. and continuous 
service to customers. 

Examples of Plant Construction. 

Reciprocating Steam Engine Plants. Figs. 113 and 114 
illustrate the standard practice in stations of moderate size. 
In Fig. 113 the coal supply is at the left and the electrical energy 
is sent out to the line from the switchboard at the right, the 
energy having passed from the chemical form, through the 
thermal and mechanical to the electrical. Coal is delivered 
from an overhead track to the storage space in front of the 
boilers, into which it is fed by hand. Four water-tube boilers 
of 3000 square feet heating surface each furnish steam at 150 
pounds pressure to two 850 horsepower cross-compound con- 
densing engines. The 500 k. w. three-phase, 25 cycle, 2300 

ft 

volt generators are direct connected to the engines between 
the high and low pressure sections. At rated load the engines 
produce a horsepower hour on 14. 1 pounds of dry steam at 26 
inches of vacuum. The generating units are designed for a 
continuous maximum load of 1500 horsepower and a momen- 
tary load of 1700 horsepower. 

Steam passes from the boilers through 6-inch boiler leads, 
with valves at both ends, to a 12-inch header located several 
feet below the boiler outlets. This header acts as a steam 
reservoir and allows the precipitation of moisture from the 
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steam. Drips are located at the ends and middle of the header. 
Above the main header is a 4-inch auxiliary one for emergency 

use and also ser\'ing as a supph" for the exciter engine. From 
the tops of the main header 7-inch arched engine leads, with 
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PlQ. 114. Plan of the power plant of the W 



valves at both ends, convey steam to the main engines. The 
steam is dried in separators just as it enters the engines. From 
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the engines the steam passes to jet condensers, or to the atmo- 
spheric exhaust in case of disability of the condensing appar- 
atus, or when it is desired to supply exhaust steam for district 
heating purposes. 

The speed of engines and generators is approximately 94 
r. p. m. requiring 32 poles on the generator for the frequency 
of 25 cycles per second. There are two exciters, each of 50 
k. w. capacity, one driven by a high speed steam engine, the 
other by an induction motor. The electrical output of each 
generator passes to a bank of three 200 k. w. oil-insidated, 
water-cooled, delta-connected transformers, in which the 
e. m. f. is raised to 33,000 volts for transmission. From the 
transformers the conductors lead through oil-immersed, elec- 
trically controlled switches to the high tension line. 

A substation is located imder the same roof as the power 
plant for the purpose of supplying 600 -volt direct current for 
local railway purposes. The equipment for this is the same 
as in the sub-stations located along the line. It consists of a 
300 k. w. rotary converter, supplied with three-phase current 
at 375 volts from the high-tension line through a bank of three 
no k. w. transformers. 

The station described is typical of those of modem construc- 
tion and moderate size. In smaller plants the high speed 
engine is frequently used and power is generated in the form 
required by the receiving apparatus. \Mien the plant is for 
lighting service only single-phase generators nmy be prefer- 
able especially if the load is not distributed over a wide area. 
In stations of great size vertical, or combined vertical and 
horizontal engines are used in order to economize floor space. 
The latter type also gives more uniform rotative effort. In 
such plants numerous economizing devices, not practicable in 
smaller ones, are necessary in order to obtain maximum plant 
efficiency. 




ri5. Section of the power station of the Del 
trating vertical steam lurWne |>ractice. (Figs. 
West. Elec.). 

turbines are of the vertical type, occupying a minimum of floor 
space. The most noticeable feature of such a plant is the 
disproportiunate amoimt uf space occupied by the boilers as 
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Fig. 1 16. Plan of the power station of the Detroit Edison Co. 
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compared with the engine equipment. This station as origin- 
ally built was as shown in the illustrations^ but it was afterward 
extended by the addition of a fifth unit. 

Coal is handled automatically by the following mechanism. 
It is first dumped from the cars into an elevator located in a 
tower at a comer of the boiler room. The elevator discharges 
■ it at the top of the tower whence it falls through hoppers tt> a 
cable railway through a screen or direct. It is there delivered 
to bunkers over the boilers from which it is fed by spouts to 
automatic stoUers. Tlie boilers are of a water-tube type, of 
520 horse]X)wer each, and connected in batteries of six. 
Each boilep has 4834 square feet of heating and 2000 square 
feet of superheating surface. Each boiler battery delivers 
steam at 250° superheat, and 200 poimds pressure to a turbo- 
altemator unit of 3000-k. w. rated capacity. 

The station is so large that all possible heat-saving devices 
are employed. Tlie feed water fur the boilers, pumped from 
the hot well, passes through open feed heaters, which are sup- 
plied with the exhaust steam from tlie auxiliarj' engines and 
pumps. It is heated thus to about 95° and at this temper- 
ature enters economizers through which pass the flue gases. 
Here the feed-water temperature is raised to 240° and the flue 
gases are reduced both in temperature and volume. Tlie 
feed-water mains are in duphcate and each boiler has also an 
injector to supplement the pimips. From the boilers the 
steam from each battery passes to its turbine through 12-inch 
mains with cross-comiections for emergency use. From the 
turbines the steam goes to surface condensers supplied with 
water by centrifugal pumps located in the adjacent pump 
house. The condensed steam and air are exhausted from the 
condensers by air pumjis which deliver the water to the hot 
well, thus completing the steam circuit. 

The alternators are i2-pole, 60-cyclc, three-phase, 4600-volt 
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machines and they operate at 600 r. p. ni. The}' are fur- 
nished with field current by two exciters of 5()-k. w. capacity 
each, direct connected to 75-horsepower three-i)hase induc- 
tion motors. The exciters are supplemented b\' a storage 
battery of a capacity of 556 amperes discharge for one hour. 

While this is primarily a lighting plant, a certain amount of 
power is furnished to the local railway c(mipan\' from a sub- 
station located in the turbine room. It contains a looo-k. w. 
motor-generator set supplemented by a motor-generator 
booster set consisting of a 300-volt, 450-ampere generator 
driven by a 500 volt motor. 

From the generators the current passes to oil-immersed 
generator and feeder switches controlled from a switch board 
and located in galleries at the side of the turbine room. The 
power is distributed to substations in which are located 
transformers, s\Tichronous motor-generator sets, induction 
motor-generator sets, storage batteries and other apparatus 
to adapt the output to the demands of different localities. 
A large part of the lighting and motor service on the s\'stem 
is direct current and at different e.m. f.'s. 

Steam Turbine Plants. Horizontal Type, A second typical 
turbine plant is illustrated in Fig. 117. In this case the hori- 
zontal type of turbine is used and some other features are 
radically different from those of the station just doscril)ed. 
The fuel supply is taken from barges b\' a bucket hoist and 
elevated to a long bridge which connects the hoisting tower and 
the power station. Small cars are ojx^rated b}" cable on the 
bridge, delivering the coal into bins directly above the boilers. 
The latter are located upon two floors, one directly over the 
other, each containing eiglit batteries of two ])oilcrs each of 
the water-tube type. Each boiler has 524,^ sciuarc feet of 
water heating surface with corresponding superheating area 
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of 1116 square feet. The fuel delivered by gravity through 
spouts, is fed on to the grates by automatic stokers and the 
ashes fall into hoppers below the fire pits from which they are 
loaded on small hand cars. The boilers deliver steam at 200 
pounds pressure superheated 200°. 

The feed water is drawn from hot wells (as this is a surface 
condensing system) and the \vaste is made up from the city 
supply mains. Feed water heaters are employed, practically 
as in the preceding case, and the general arrangement of con- 
densers is similar. 

The steam from each group of eight boilers is sufficient for 
one 5500-k. w. turbo-alternator. The generator end of each 
imit delivers three-phase current at 11,000 volts, 25 cycles, 
its full load rating being based on 289 amperes per terminal. 
The revolving field of the alternator has four poles punched 
from solid steel disks. The field windings are supplied with 
exciting current from any one of three sources of current: 

(a) Two steam driven, 200-volt, 200-k. w. turbo-gener- 
ators. 

(b) One three-phase induction motor-generator set of 200- 
k. w. output. 

(c) A storage battery of 366 amperes capacity for one hour, 
supplemented by an induction motor-booster set of 

12.5-k. w. output. 

A diagram of the low tension wiring is given in Fig. Ii8. 
The alternator fields draw current from a pair of bus bars 
which are supplemented by an auxiliary' pair. Each field 
switch is provided with a resistance through which the coils 
may be short-circuited to discharge the energy stored in their 
inductance and which might otherwise cause a destructive 
rise in e. m. f . The battery, engine-driven exciters^ and motor- 
driven exciter feed into these bus bars. 
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The high-tension circuits are connected as in Fig. 119, the 
switching being done by oil-immersed circuit-breakers or 




itS. Diain^m of low 



switches. Fig. 120 indicates the general arrangement ()f the 
galleries in which the buses and circuit breakers are located, 
and from which the operation of the station is controlled. 

A typical substation in this system is represented in eleva- 
tion in Fig. 121. Its function is to transfonn the high-tension 
three-phase alternating current to low tension (550 \olts) 
direct current for distribution to the electric railway system. 
The current enters at the right of the illustration and passes, 
first through choke coils and lightning arrestors mounted in 
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the gallery, thence through disconnecting switches, and 
cuit breakers to banks of 550-k. w. transformers contaii 
three each. Each bank of transformers supplies one 1 




if\ 



k. w. rotary converter. The converters are brought to s 
chronous speed bj- induction motors direct connected to t 
shafts and used only for starting purposes. 

From the d. c. ends of the converters the current pa 
through the measuring instruments and control switches 
the underground conduits and thence to the line. 

Hydro-Electric Plants. Impulse M'iicel Plant. The po 
plant for which water is available is in every way sim] 
than one depending upon steam. The impulse wheel is 
only one for very high heads and the turbine is in general 
for low heads. Both arc used for moderate heads, and t 
are in active competition on heads between lOO and 300 f 
The small iniimlse -wheel plant illustrated in Figs. 122, 3 
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and 124 has been selected as typical of its class. \\ ater is 
secured from a creek with an average low water flow of 30 
cubic feet per second, draining a water shed of 147.5 sijuare 
miles. The head used is 145 feet, one which permits the use 
of either turbines or impulse wheels. The water is drawn from 
an impounding pond of 5,000,000 cubic feet capacity, fonned 
by a concrete arch dam located at a narrow part of the gorge 
in which the stream flows. The hvdraulic conduit line is of 
three kinds of construction; that nearest the dam being of 
re-enforced concrete pipe, the next of wood stave pipe, and the 
last being the steel penstock through which the main descent 
is made. The total length of conduit is 1766 feet and its 
internal diameter is five feet. A cistern and spillway is placed 
at the middle to avoid excessive strains at times of high water. 
This consists of an enlargement of the conduit with an over- 
flow into the gorge. The lower end of the penstock is turned 
parallel to the length of the power house and is located on a 
concrete foundation below the floor level. In order to relieve 
the water pressure due to sudden changes in the load, a large 
air chamber is located near the lower end of the penstock. 
A motor compressor, operated occasionally, maintains a sufti- 
cient supply of air to act as a cushion to the water colinnn. 
The generating units have a normal outi)ut of 150 k. w. at a 
speed of 124 r. p. m. The impulse wheel consists of double 
brass buckets attached to the rim of a cast-iron disk 8 feet 
6i inches in diameter. A nozzle with a 7-inch aperture 
delivers a stream of water against the middle rib of the buckets. 
The nozzle has in the center a needle-pointed core, which is 
moved back and forth by the governor, thus varying the supply 
of water to the jet. The generator of each unit is a 6o-cycle, 
2,200-volt three-phase alternator, with stationary armature 
and a 58-pole revolving field. Exciting current is furnished 
by two 30-k. w. d. c. Iio-volt generators driven by small 
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wheels of the same t\-pe as the large ones. The exciters furnish 
current for other purposes, such as projection lantern and stor- 
age battery service. At present a substation is located in the 
space assigned in Fig. 123 to a third unit and shown by dotted 
lines. A large amount of 500-volt d. c. power is demanded of 
the station and this requires the use of a lOO-k. w,, 500-volt, 




Fic. 124. Section of the power plant of Cornell Universitv. 

coni])(>und wound d. c. generator, direct driven by a three- 
phase, 2200-volt, 1 50-horsepo\ver induction motor. Arc light 
scrviio is driven through a constant current transformer sup- 
plied with a constant potential of 2200 volts. 

The switchboard in this plant has generator and feeder 
panels equipped with ammeters and wattmeters for the three 
ph:ises, voltmeters, watt-himr meters, a power factor indica- 
tor, a frequency indicator and a syncliR)ScotK; for synchroniz- 
ing the j;enerat»)rs. The power is distributed at generator 
e. 111. f. as the area covered docs not involve a transmission 
distance of over a mile. 

Hydro-Electric Plants. Turbine PUinls. Niagara Falls with 
an available head of ifio feet and an itnliniited supply of 
water, is the center of turbine wheel development. Five large 
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plants, each with an ultimate output of over 100,000 horse- 
power are in operation, all using water wheels of the turbine 
type, either vertical or horizontal. One of these stations is 
shon-n in Figs. 125, 126, and 127. The plant comprises* 
thirteen 1 0,000 horsepower horizontal type turbines with 
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125. Section of the power plant of the Niagara Falls Hj'il. Powei 
and Mfg. Co., illustrating water turliini; iiraclice. 



inward discharge. Direct connected to the wheels are electric 
generators. Five wheels drive two d. c. generators each, the 
output being used for aluminum reduction. Six himdred and 
twenty-five volts are used and the current is transmitted a 
distance of 300 feet to the reduction works tliriiujih ahniiinum 
bars of 140 square inches cross-sect 11 m. The altcmators are 
of 6500 k. w. each, delivering three-phase 25-cycle current at 
12,000 volts at a speed of 300 r. p, m. 

The power station is located at the bottom of the K()rgc 

below the falls. The building is ^oo feet in length by 95 feet 

• The description of the plant is as it will Iw when completed. 
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in width. It is divided longitudinally into two sections by a 
concrete partition, thus separating the turbines from the 
generators. The water for the plant is brought from above 




[26, Sectio 



ic powei 



plant of the Niaj 



the falls through an open canal which terminates in a forebay 
at the edge of the cliff. The forebay is parallel with and 
directly above the station, and is ai)itroxiinatcly of the same 
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length. It is formed by a concrete wall, 30 feet high and 24 
feet thick at the bottom, in which are imbedded the thirteen 
9 feet steel penstocks. The flow of water into the penstocks is 
controlled by roller bearing gates, and racks and spillways are 
provided to prevent rubbish and ice from descending to the 




wheels. The penstocks are supported by being encased in 
reinforced concrete which attaches thcni firmly to the steps 
cut into the solid rock of the gorge wall. As this method of 
support deprives the penstocks of all flexibility special devices 
are installed to relieve the wheel cases of cxcessi\e shock due 
to the operation of the g"voni()r and pates. These arc burst- 
ing plates attached to the wheel ciises and sn desijnicd that 
they will relieve the pressure on a .slight increase above normal. 
The discharge from the turbines flows out thnjugli tunnels 
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located beneath the station floor and delivering the water into 
the gorge at the river level. At the exit it flows over a con- 
crete dam, which improves the appearance of the streams and 
diminishes danger of erosion of the tunnel mouths. 

The arrangement of the generator room is not unlike that of 
a steam station. The current passes through the conductors 
located in the basement to the high tension bus bars. Series 
transformers reduce the current and potential transformers the 
e. m. f. for measurement. The switch compartment contains 
the power-operated, oil-immersed circuit breakers, and above 
is the operating gallery with operating bench and instrument 
panels. As this plant is for local power supply, and will not 
be used on long distance lines, no provision has been made for 
elaborate lightning protection, a matter of the greatest impor- 
tance in stations serving on extended territory. 

Gas Engine Plants. 

The high thermo-dynamic efficiency of the gas engine has 
forced it upon the attention of engineers for power plant pur- 
poses, and in spite of the complication of the engine itself, and 
especially that of the auxiliar\^ apparatus, its use is increasing. 
Several large plants and nimierous small ones have been 
installed within a few years and their efficiency is considered 
satisfactor>\ A typical small plant is given in plan in Fig. 
128. As this plant bums bituminous slack it represents 
the most difficult conditions, and hence contains as elaborate 
an c(iuipnient as will be ordinarily found in such stations. 

Tlie Gas Producer is built of two concentric steel shells. 
The inner is the fuel chamber into which the slack is fed from 
an overhead hopper through an inverted bell located in the 
upper part of the chamber. The space between the inner 
and outer shells is for the passage of the entering air which 
is there superheated before entering the fuel chamber. In 
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following the air and gas throu^ the various parts of the 
equipment it is convenient to begin at the blower, which delivers 
the air to the air tower, where it is saturated with water previ- 
ously heated in the gas tower. The air tower contains numer- 




ous tiles over which the water trickles and upward thrciufdi 
which the air finds its way. Fniiii the tower thu iiir passes 
through the air main where a further addition tif moisture is 
received from exhaust steam wliith is discharjicd into it. 
Next the air reaches the supt-rhatltr, of com-ciitrii- shells, and 
circulates between the inner :ind outer tubes, the hot fras 
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being inside. Finally the air reaches the producer, first flow- 
ing through the annular chamber surrounding the fuel cham- 
ber, then into the latter through the fuel bed, which it reaches 
in a highly superheated and moist condition. 

The gas, after leaving the producer, goes through the super- 
heater above referred to, here losing some heat to the circu- 
lating air and leaving considerable dust. In the gas-colled- 
ing main through which it passes to the washer, more dust is 
left. The washer is a box containing revolving blades which 
whip the gas and spray it with water thus removing dust and 
tar and incidentally cooling it. The gas-cooling tower, next 
in the circuit, is similar in construction to the air tower, the 
same water trickling down over tiles and receiving heat which 
is afterward delivered to the air in the air tower. The gas is 
now ready for the holder in which it is stored and which auto- 
matically by its position controls the rate at which the gas is 
generated. When required for the engines the gas is drawn 
from the holder l)}^ a jan which by centrifugal action throws 
out tar from the gas at the same time cooling it by means of 
water fed into the fan case. The last step in the cleansing 
process is taken in the scrubber filled with saw-dust and shav- 
ings to remove the last vestige of tar. The clean, cool gas 
then enters the engines through pressure regulators. 

The station contains three 3-cylinder single-acting engines, 
each direct connected to a 150-k. w. d. c. generator with a 
rated output of 325 amperes at 460 volts. A storage battery 
auxiliary contains 230 cells, with a capacity of 180 amperes 
for six hours. The charge and discharge of the battery are 
controlled by " boosters " located in the engine room and 
driven bv auxiliarv motors. As the output of the station 
is delivered on the three-wire system a " balancer " is employed 
to maintain an equal division of e. m. f. between the two 
branches of the circuit. Motor-driven boosters are also con- 
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nected in the power and lighting circuits to raise the e. ni. f. 
to the desired values. 

The switch-board contains numerous panels to accommodate 
the large number of pieces of special apparatus. There are 
positive and negative generator feeder and battery* panels; 
booster panels and a neutral or middle wire panel. The use 
of boosters on the feeder lines is not general in the United 
States and this feature of the plant described should not 
be taken as representative of American practice. 

The Storage Battery. Storage batteries are installed in 
power stations and substations for one or more of the follow- 
ing purposes. 

(a) To straighten the load curve. 

(6) To keep up voltage on heav\' load. 

(c) To carry entire load at times. 

(d) To improve engine and generator operation. 

(e) To regulate voltage fluctuations due to variation in 
engine speed. 

(/) To supplement substation equipment. 

ig) For transformation and sub-division of voltage. 

The chemical storage of energj'' is possible b3^ producing 
cumulative changes in an electrolyte, in electrodes, or in both, 
by means of an electric current. This stored ciierg>' may be 
reclaimed by connecting the electrodes through an electric 
circuit. Various substances have been proposed as electrodes 
and as electrol^'tes, the cells in most general use having lead 
electrodes and sulphuric acid electrolyte. When charged, the 
positive "active material" is lead peroxide and the negative, 
spongy lead. The Edison cell consists of nickel and iron 
electrodes and caustic potash electrolyte. 

Storage cells give practically a constant e. in. f. (two volts 
in the lead cell) the regulation varying!; with the current drawn 
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and the charge remaining. Capacities are rated in discharge 
aiiiijere-hours and these vary greatly with the rates of charge 
and discharge. 

Tli£ Lead Cell is the type used in power station work. The 
plates consist of grids or frames of antimonious lead (the 
antimony being added to give the lead the requisite mechan- 
ical strength). The grids act as the supports for the "active 
material," and at the same time conduct the current and 
distribute it uniformly over the plates. In one form of plate. 




c and ncfiative sets of plai 

lery. (Sli: also Fig, ii),) 



typical storage bat. 



the surface is tlecjily grooved and the active material is 
" funned " on the sides of the grooves by electrolysis. 

rig. 129 shows two sets r)f phitcs, negative and positive, 
of 11 t\i>e used in many power stations. The positive grid 
has round holes cuuiitersuiiU on both sides and filled with 
spirally-woiuid rosettes of lead tape pressed firmly into place. 
The rosettes arc "formed," that is changed to lead peroxide, 
by mc:ins of the passage of current in a "fonning " bath. 
The openings in the negative grid are fdled with fused chloride 
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of lead, containing a small quantity of zinc, the whole cell 
being known as the " chloride " cell from the form in which 
the active negative lead is applied. The "forming " process 
for the negative plates consists in short circuiting them with 
zinc plates in a solution of zinc chloride which reduces the 
chloride in the " pastilles " to spongj' lead. After forming, 
the plates are washed in water and in hydrogen. 

The above statements indicate that after profiting by the 
improvements made upon Plante's invention by Faure, prac- 
tice has again taken up the Plante process for the production 
of the positive plates. In Plante's time the formation of 
peroxide of lead upon the positive plates was a tedious process 
as it was done entirely by the action of the current in a sul- 
phuric acid solution. Faure \s method of " pasting" the plates 
with various oxides of lead was followed for manv vears. The 
later processes, returning in part to the Plante plate, but 
hastening the formation of oxide by the addition of oxidizing 
agents, have superceded that of Faure. 

The plates of small cells are suspended in glass jars and 
those of large cells in lead-lined wood tanks. The electrolyte 
is a solution of sulphuric acid of a specific gravity sliglitly 
under 1.2. When the cell is full the positive active material is 
lead peroxide, P6O2 and the negative active material is spongy' 
lead. As discharge proceeds the positive material reduces to 
PbO, and the negative oxidizes also to PbO, both oxides 
absorbing SO^ from the solution and forming lead sul- 
phate, PbSO^. Charging a cell results in increasing the sul- 
phuric acid in the solution, the cjuantity set free dei)ending 
upon the relative amounts of electrolyte and active material. 

Capacity of Stosage Batteries. The amount of energy which 
can be storied in a batter\' depends not only upon the (juantity 
of active material but also upon the rate at which the 
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energy' is supplied. Similarly the quantity which can be 
dra\Mi from a full}' charged batterj'^ varies greatly with the 
rate of discharge. For power purposes it is customar\' to rate 
a battery on a one-hour discharge. The same batterj' will 
have nearl}^ twice this capacity if discharged in five hours. 
The capacity will be correspondingly less at a half-hour 
rate. 

Battery Boosters and Regulators. The e. m. f. of charge and 
discharge differs by a considerable percentage amoimting to as 
much as fifteen per cent in extreme cases. For this reason a 
batter^" " floating " upon a line, that is connected directly 
across it, will not act automatically unless the very large var- 
iation in c. m. f. is permissable, which is not usually the case. 
The simplest method of forcing the batter^'' to charge or dis- 
charge is to var3^ the number of cells in circuit thus changing 
the batter}^ e. m. f. with respect to the line e. m. f. The 
terminals of a number of " end " cells are connected to a slid- 
ing contact device by which the cells maj' be cut in or out 
either by hand or automatically. A better method of regu- 
lation is that involving the use of " booster," a generator of 
small e. m. f. but large current capacity, connected in series 
with the batter\\ The booster is usually direct driven by a 
motor. The booster e. m. f. is varied bv the line current or 
the batterj^ current which flows througli a series coil on the 
booster field. AMien the batterv e. m. f. is increased bv the 
booster a discharfre occurs and vice versa. The shunt field of 
the l)ooster permits hand adjustment of the average rate of 
charge and discharge. As the efficiency of the batterj'' is not 
high there must be a net over-charge of sa\' 20 per cent. 

An important adjunct to the booster is the " regulator " by 
the use of which the bulky scries coil may be dispensed 
with. 
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The regulator has two essential parts: 

(a) The carbon resistance, composed of piles of carbon disks, 
the pressure upon which may be varied. 

(6) The pressure-producing coil and plunger. The coil 
carries the line current and produces a pressure upon the piles 
of disks through a lever mechanism. 

Piles of carbon disks are sensitive to changes in pressure, 
the contact resistance being varied thereby. The resistances 
in the regulator are connected in the booster field circuit by a 
" wheatstone-bridge " arrangement so that the field current is 
varied with the load. The field circuit takes the place of the 
galvanometer in the Wheatstone bridge and the current flows 
through it in one direction or another in accordance with the 
relative values of the resistances in the bridge arms. These 
may be adjusted to produce automatically an}^ desired per- 
formance of the battery. 

Accumulator Handling. For Economy. Changing energy 
from the electrical to the chemical form and back again in- 
volves a considerable waste of cnerg\% partly in the electrical 
resivStance, partly in the chemical reactions. In order that a 
battery may not introduce losses which will counterbalance 
the saving which it is expected to make, it must be operated 
at maximum efficiency. The efficiency of the cell varies with 
the quantity of charge in it, being greatest when it is approx- 
imately one-half fully charged. Therefore, when a battery 
is installed for the purpose of improving the regulation of the 
load upon the generators, engines, and boilers and thus increas- 
ing their efficiency it should not be allowed to over-charge or 
to over-discharge. 

A batterv can be handled more easilv for econoniv in the 
case described than when it is installed as a protection against 
the effect of break-do^^n of other apparatus. In anticipation 
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of an emergenc3% such as a high " peak " in the load curve, or 
the possibihty of a " shut down/' the operator will naturally 
over-charge his battery to assure himself that it contains 
the maximum possible quantity of energy. Over-charging 
involves a waste of energy and hence does not conduce to 
economy. In most stations the battery combines the two 
duties, rcgidation and preparation for emergency, hence the 
rate and duration of charge and discharge are adjusted to pro- 
duce the best average results under practical operating con- 
ditions. 

Depreciation, The storage battery is an expensive com- 
ponent of a power station not only in first cost but especially 
in repairs and maintenance. Even when the cells are care- 
fully manipulated the plates disintegrate. Great damage 
may be caused b3^ allowing over-discharge, which results in 
injurious sulphating of the active material. This insoluble 
sulphate increases the resistance of the cell and reduces its 
capacity. The best indication of the charge in a cell at any 
time is given by a hydrometer which shows the proportion 
of sulphuric acid in solution. An occasional over-charge 
does no harm and it enables the operator to more readily esti- 
mate the charge in the battery as he knows that at the time of 
over-charge tbe battery was full. Battery" plates are subject 
to warping or " buckling " which is caused by irregularity of 
electrolytic action in different parts of the same plate. The 
active material expands and contracts and in so doing produces 
mechanical strains. If these are not unifonnly distributed the 
plate bends. AMicn plates are in good condition the current 
distributes uniformly but if a short-circuit occurs, througli 
loosening of the active material or other cause, the electrolj'tic 
action is localized and unecjual strains result. Hence, the neces- 
sity for constant inspection of the spaces between the plates. 
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Operation of Power Stations. 

Function of the Power Station. 

The purpose of a power station is to produce electrical 
energy at a minimum cost per kilowatt hour under certain 
restrictions as to regulation of e. m. f. The cost of generating 
a imit of energy is determined from the operating expenses 
and the fixed charges. The former includes fuel, wages, 
salaries, and supplies. The latter covers depreciation on plant 
and interest on investment. 

Power Station Characteristics. 

Viewed as a w^hole the power station is an assemblage of 
machines and auxiliaries with certain combined characteristics. 
To obtain maximum efficiency from it requires that it as a 
whole be operated under the best conditions. Unfortunately 
a power station has imposed upon it a variable load, over 
the fluctuations of which it has no control. The efficiencv 
with which the output is generated depends therefore upon 
the degree to which the machines are adjusted to fit the load. 

The Load Curve. A diagram plotted between the output 
of a power station in amperes, or kilowatts, and the time of 
day is termed the load curve. Each kind of load has its char- 
acteristic curve consisting of " peaks,'' between which are 
depressions. The ideal load curve would l)e a straiglit line 
parallel to the axis and the nearer the actual line api)roaches 
this the more economically can the station be operated. A 
station supplying current for electro-chemical purposes has 
nearly an ideal load as the operation is practically continuous. 
Such loads, however, are exceptional. The ratio of the averaj!;e 
load during the 24 hours to the niaxinnun load is given the 
name load factor, which varies from nearly too per cent in a 
very few cases to as low as 25 per cent in many stations. The 
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effort is always made to so modify the load cun^e as to raise 
the load factor. In Fig. 130, which represents a lighivig load 
curve, the factor has a good yalue. 
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Fig. 130. Typical load curve of the ])ower station of the Detroit 

Edison Co. 

Fig. 130 has l)een selected as a characteristic lighting curye 
in a large station. It shows two characteristic peaks, the 
main one naturally occurring in the evening. Between the 
peak hours there are certain parts of the da\^ during which 
ycry little light is used, but the jwwer load which alwa3's 
accomj)anies a lighting load tends to fill up the depressions. 

The Railway Load Curve. The railway load cur\'e is a less 
satisfactor\' one than the lighting load curye for the reason 
that its fluctuations are more rapid and of a greater magni- 
tude than in the preceding case. Fig. 131 represents the 
operation of a large railway power station. The peaks are 
located at different parts of the day and the maximum load 
is much greater in j^roportion to the average. A railway load 
is the most difficult which a power station can be called ui>on 
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to supply on account of this variable nature. The variations 
are of three kinds : 

(a) Very rapid fluctuations due to the starting and stop- 
ping of the individual cars. 

(b) Variations due to accidental increases and decreases of 
average load and usually extending over several hours. 

(c) Peaks and depressions, caused by the natural varia- 
tions in traffic, due to business and other conditions. For 
example, a road which connects the residence with the busi- 
ness district will carry passengers from their homes to their 
places of business in the morning and return them in the 
evening. During the day the various members of the house- 
holds will go down town for shopping and other purposes, 
probably returning at about the close of the business hours. 
The morning load will, therefore, be somewhat spread out, 
while the evening load will be concentrated with a ver^" high 
peak. 

The Effect of the Storage Battery. On account of the fluctua- 
tions in the load exhibited in the load curves the storage 
reservoir for energy is obviously ver^^ desira])le. Tlie storage 
batter\' is at present the one available energ\^ reservoir. Other 
energy storage devices have been proposed, for example, the 
hot water heat storage, but these have not proved economi- 
cally satisfactory. In spite of its imperfections the storage 
battery serves several essential purposes as already outlined. 
Fig. 132 indicates what can be done in a small railway plant 
by the addition of a storage battery of suitable capacity. 
The figure shows the load upon the station and the current 
drawn from the generators. The latter is for all practical 
purposes constant, hence the generators operate at a high 
and uniform efficiency. The battery takes all of the fluctu- 
ations in load, and the generator capacity installed in this 
station is smaller than would be necessary if the storage 
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battery were not used. Steady current is accompanied by 
good regulation of e. m. f . so that two important functions are 
performed by the batterj' at the same time. 

Fig. 131 is taken from a station in which a verj' large 
battery is installed. The hea\'\' line is the station load line 
and the light one the generator load line. The difference be- 
tween these two lines is caused by the presence of the batter>\ 
WTien the light line is below the heavy one the batterj' is dis- 
charging and vice versa. The figure shows verj' clearly the 
effect of the batter^' in relieving the station equipment at 
times of peak load. The proper adjustment of prime mover 
capacity to the load is provided by shutting down or starting 
up the engines. The station is divided into such a number 
of units that the load will be properh' provided for and at 
the same time the units in operation will be well loaded. A 
note has been made on the diagram each time an engine or 
other unit has been started or stopped. In a very large 
station like this one the principal function of the battery is 
to assist on peaks and to allow shut dowTi at times of very 
light load. The load is so large that such minor matters as 
starting of cars produce no appreciable effect as in the small 
road from which Fig. 132 is taken. Hence, the saving in 
operation due to the use of the battery is not as marked, the 
actual saving being due rather to reduction of engine, genera- 
tor, and boiler equipment. It is difficult to place a money 
value upon the assurance that power can be sent to the line 
even if the entire generator equipment is disabled for a short 
time. This is of extreme importance, however, particularly 
in large plants, and it is coming to be considered the best 
justification for the use of the expensive storage battery. 
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Power Station Economics. 

Cost of Producing Electrical Energy. It is customary to 
divide the expense of power station operation into the two 
general parts: 

(a) Operating expenses. 
(6) Fixed charges. 

Operating costs include all those expenses which are neces- 
sary in keeping the plant running, such as salaries, wages, fuel, 
lubricant, repairs, etc. The fixed charges, sometimes kno\Mi 
as " over-head " charges, are the interest on money invested 
in the plant and the depreciation on the plant. The money 
which is invested in the plant would, if placed elsewhere, be 
earning a certain return, presumably 5 per cent. There must, 
therefore, be an income over and above the operating expenses 
sufficient to provide this amount of interest. In addition a 
certain amount must be allowed for the general deterioration 
of the equipment. This is independent of the repairs which 
arc necessary to maintain the machinery in running condition 
but which do not make up for the " wear and tear " as a whole. 
New types of machines are being constantly developed so that 
a station nmst be rehabilitated occasionally, even if the 
machines are not worn out. This is the meaning of the allow- 
ance for deterioration. 

Station Records. Bookkeeping in a power station has come 
to l)c of the greatest importance in order that the cost of 
producing energy may be accurately determined. Every 
well-managed station makes records of at least the foUowing 
items. (The fuel and water items do not apply to water power 
plants.) 

(a) Total daily energy output. (r) Maximum daily power output. 

(h) Average daily power output. (J) Minimum daily power output. 
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(e) Total daily water consumption. 

(/) Total daily water evaporated. 

(g) Total daily fuel consumption. 

(A) Periods during which various machines are in operation. 

From this data may be deduced: 

(a) Pounds of coal per kilowatt hour generated. 

(6) Poimds of water evaporated per pound of coal. 

The total daily energy output is determined by means of 
integrating watt-hour meters or by integration of the load 
curve plotted from frequent readings of indicating instru- 
ments. 

The average daily power output will then be the total daily 
energy output divided by twenty-four hours. It may also be 
obtained by integrating the power load curve. 

Maximum and minimum power outputs are determined from 
the load curve. The maximum output is necessary in order 
to calculate the load factor. 

The water consumption is desired in order to obtain its cost 
where water is bought, and in condensing plants it is also an 
indication of the amount of leakage in the system. In non- 
condensing plants this information is directly useful in finding 
the evaporating efficiency of the boilers. In condensing 
plants it is necessary to measure the water actually flowing 
into the boilers, as only a small part comes from outside. 
Water meters are commonly used for this purpose. 

Fu£l consumption may be deteniiincd in a number of ways, 
the most convenient being to feed the boilers through meas- 
uring hoppers. In some plants the fuel is actually weighed. 

The data mentioned are not sufficient to permit the calcu- 
lation of the cost of generating a unit of energj% but they 
permit the comparison of the station with others of somewhat 
similar construction. The best basis of comparison, however, 
is that in which all items of cost are included as some 
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plants use a small amount of fuel and evaporate a 
pound of water with a very small quantity of coal, but 
this efficiency is counter-balanced bj' large deterioration 
and interest. 

The following table by Mr. H. G. Stott* indicates a satis- 
factory sub-division. This table also contains useful data 
for comparison of the various items in stations employing 
different types of prime movers. 

Distribution of Maintenance and Operation Charges. 



Maintenance. 
I. Engine room mechani- 



cal 



2. Boiler room or producer 
room 

3. Coal and ash-handling 
apparatus 

4. Electrical apparatus . . . 

Operation. 

5. Coal- and ash -handling 
labor 

Removal of ashes 

Dock rental 

Boiler-room labor 

Boiler-room oil, waste, 

etc 

Coal 

Water 

12. Engine-room mechani- 

cal-labor 

13. Lubrication 

14. Waste, etc 

15. Electrical labor 

Relative cost of maintenance 
and operation 

Relative investment in per 
cent 



6. 

7. 

8. 

9- 

10. 
II. 



Recipro- 

CAtins 

Engines. 


Steam 
Turbines. 


Recipro- 

CAtins 

Bneines 

andSteam 

Turbines. 


2-57 
4.61 

0.58 
1 .12 

2 .26 

1 .06 
0.74 

7-15 

.17 

61.30 

7.14 

6.71 
1.77 
0.30 
2.52 

• 


0.51 

4-30 

0.54 
1 .12 

2 .11 
0.94 
0.74 
6.68 

.17 

57-30 
0.71 

1-35 

0-35 
0.30 

2.52 


1-54 

3-52 

0.44 
1 .12 

1.74 
0.80 
0.74 
5-46 

0.17 

46.87 

5 46 

4-03 
1 .01 
0.30 
2.52 


100.00 


79.64 


7572 


100.00 


82.50 


77 .00 



Gas 

Bngine 
Plant. 



Gas 

Bnrines 
and Steam 
Turbines. 



2.57 


1-54 


I-I5 


1-95 


0.29 
1 .12 


0.29 
1 .12 


1-13 

0.53 
0.74 

1.79 

• 


113 

0-53 
0.74 

3 03 


.17 
26.31 

3-57 


0.17 

2577 
2 .14 


6.71 

1-77 
0.30 

2.52 


4.03 
1 .06 
0.30 
2.52 


50.67 


46.32 


100 .00 


91 .20 



♦Trans. A. I. E. E. Vol. xxv., p. 26. 
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Practice differs in regard to the sub-division of the items 
of station expense. 

Effect of the Load Factor, In companng the efficiencj' of 
various stations due allowance must be made for the effect 
of load factor. A low load factor involves high interest and 
depreciation, for sufficient equipment must be installed to 
meet the heaviest demands. This ecjuipment stands idle 
for the greater part of the time and is the cause of dispro- 
portionately large fixed charges. A high-load factor results 
in efficient operation of the machines and in small fixed 
charges, and while the expense for maintenance and opera- 
tion is large, this by no means offsets the saving. The great 
problem, therefore, in power station operation is to increase 
the load factor. \'arious expedients are in use, and these 
may be summarized under two general heads: 

(a) The use of storage batteries for lowering the peaks 
and filling in the depressions of the load curve. 

(6) The encouraging of the development of business 
which demands power at times of light loads, and the discour- 
aging of that which increases the peaks. 

The second method is receiving most careful attention. 
Customers are given preferential rates when their maximum 
demands are low as compared with their energy- consump- 
tion. Customers are also encouraged to use power for 
other purposes than the one for which the station has 
been constructed. For example, the management of a light- 
ing station by stimulating customers through attractive 
rates, to use current for power purposes at times of 
light load, may very greatly increase the load factor. In 
connection with some plants special industries have been 
established to consume power at times when tlie normal 
demand is light. 
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Charging for Electrical Energy. Modem systems of rates, 
based upon the maximum demand, are somewhat compli- 
cated, but when the purposev underlying the systems is under- 
stood the prices appear much more reasonable. This purpose, 
as previously stated, is to encourage the development of a 
high load factor in the station load. Small customers are 
usually charged a certain maximum rate per kilowatt-hour with 
a discount depending upon the monthly consumption. A 
minimum charge, usually one dollar per month, is made to 
cover interest on meter and service connections. The small 
customers (using from one to five dollars' worth of energy 
per month) do not greatly affect the load factor, and usually 
the\^ have little control over the time at which they use power. 

Customers using large (juantities of energy are charged by 
one or another form of " load-factor system," the rates being 
determined by the maximum demand as w-ell as by the actual 
energy consumed. An example of one such system is as 
follows: * 

" The customer is charged a certain rate per kilowatt-hour, 
known as ' primary ' rate, for a consumption of electricity 
equivalent to the use of his maximum demand for a certain 
number of hours per day or month, but should his consumption 
be greater than the above-mentioned amount, he is charged 
for all the excess at a lower ' secondary ' rate. For example, 
the rate might l)e as follows: 15 cents per kilowatt -hour, as 
the primary rate, to be charged on a consumption equivalent 
to the use of the maximum demand for 30 hours per month, 
and for all consumption in excess a rate of 5 cents per kilowatt- 
hour to l)e charged. This system is very widely used and in 
fact is the form of load factor system employed in a great 
majority of cases." 

* Quoted from paper by Mr. J. S. Codman, Proc. (not Transactions) 
A. I. E. E., April, 1907. 
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General Principles. 

Construction and Underlying Principles of Electric Motors: 

Synchronous a. c. motors — Induction a. c. motors — Series motors 

— Shunt and comp)ound- wound d. c. motors — Series a. c motors 

— The Interpole motor. 

Motor Characteristics: 

General Principles: Synchronous a. c. motors — Induction a. c. motors 

— Series a. c. motors — Shunt and com pound- wound d. c. motors — 
Series d. c. motors — The Interpole motor — Motor Handling and 
control. 

General Principles. 

Starting: 

General Principles: Synchronous a. c. motor — Induction a. c. motors 

— Series a. c. motors — Shunt and compound-wound d. c. motors — 
Series d. c. motors. 

Speed Control: 

General Principles; Synchronous a. c. motors — Induction a. c. motors 

— Series a. c. motors — Shunt and com pound- wound d. c. motors — - 
Series d. c. motors — Protection against over-load. 

An electric motor produces mechanical force or torque by 

the reaction of the current upon the magnetic field. Whenever 

a current exists in a conductor in the presence of a field a 

force is produced which is proportional to the strength of the 

field (in maxwells per unit area), the length of the conductor 

and the current. In c. g. s. units the force is the product of 

these quantities. This is true regardless of the Telocity of the 

conductor. With the current and field in the same relative 
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directions the force will be in the same direction. A reversal 
either of the field or current will reverse the direction of the 
force. 

There are many types of motors upon the market and at 
first the number appears bewildering. The underlying prin- 
ciples of all are the same and the different forms have been 
developed under the following conditions: 

(a) in adapting the motor to the variety of supply, e. g., 
d c, single-phase a. c. or polyphase a. c; 

(6) in adapting the motor to the kind of work to be done, 
e g., propelling street cars, driving machine tools, etc.; 

(c) in adapting the motor to the surroundings in which it 
is to operate, e. g., some motors must be placed in a limited 
space under cars, where moisture prevails, while others have 
ample space and good dry ventilation. 

Practically any generator when supplied with the variety of 
current which it produces normally will operate satisfactorily as 
a motor. The requirements for good performance in the two 
cases are not necessarily the same, but as a rule an excellent gen- 
erator is an equally good motor. All motors, however, cannot 
be used commercialh^ as generators, for there are several 
motor types which are not the reverse of usual generator 
types. The following table illustrates the above statements: 

Type of Generator. Corresponding Type of Motor. 

Synchronous alternator, single or Synchronous motor, single or p)oly- 

polyphase. phase. 

Non-synchronous alternator, Induction motor. 

single or polyphase. 

Shunt d. c. generator. Shunt d. c. motor. 

Compound d. c. generator. Compound d. c. motor. 

Series d. c. generator (not largely Series d c. motor. 

used). 

In addition there are several types of motor for which no 
corresponding generator is in commercial use. 
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Construction and Underlying Principles of Electric Motors. 

Synchronous a. c. Motors. 

Any single or polyphase alternator will operate as a motor 
when supplied with current at the same e. m. f., frequency 
and number of phases which it produces as a generator. As a 
rule such a motor is not self-starting. It is excited with direct 
current from a separate exciter and hence has poles of fixed 
polarity. 

Suppose an alternator at rest and that its armature be con- 
nected to a circuit of proper e. m. f. and frequency. Current 
will flow through the armature windings and will produce an 
alternating reaction upon the separately excited field. The 
alternating torque will be absorbed by the inertia of the rotat- 
ing member (armature or field magnet) and no rotation will 
be produced. 

If the rotating member be first brought to the speed at 
which the line frequency is generated by the annature {syn- 
chronous speed) and then the armature be connected, to the 
line, the rotating member will continue at s\'nchronous 
speed. 

It will also produce torque for driving a load. It does this 
because at synchronous speed the field flux and the annature 
current are alwavs in the same relative direction. That is, 
b}^ the time that the current in an armature conductor has 
reversed its direction it finds itself in a field of opposite 
polarity to that in which it was located a (juartcr period 
before. Hence it is necessary to l)ring the rotating part 
to exactly synchronous speed before the motor will fall 
" into step." 

Starting a synchronous motor is exactly the same process as 
" s\Tichronizing " an alternator and the same arrangement of 
lamps is suitable to indicate the attainment of synchronous 
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speed.* After the motor has been synchronized it will remain 
in step imtil over-loaded to such an extent that the torque pro- 
duced is not sufficient to overcome the resistance of the load, 
when it will instantly stop or " break down." The over-load 
which a motor will carry before breaking down varies with the 
design, but usually it may be e.vpected to wHthstand two or 
more times the rated load, the latter being based upon the 
allowable rise of temperature. 

The performance of the sj-nchro- 
nous motor may be illustrated !»■ 
the simple mechanism showii in Fig. 
133. Power is being transmitted 
between two rotating cranks, .4 
and B, through a connecting spring 
5. Such transmission is only possible 
'' \ when the two cranks are rotating 

Fig. 133. Transmission at s>-nchronous speed. When so 
djiiamometer illustniiing rotating, the Spring Will be Stretched 
the principle of the syn- 
chronous motor. so t"3t the cranks are displaced 
an angle (measured in a plane 
normal to the axis of the shafts). If A is driving and B 
driven, an increased load may be placed upon B until the 
spring is stretched to that point at which maximum turning 
moment is produced. After tliis point is passed the driven 
shaft will stop, and the driver will produce alternate jerks 
upon the driven crank through the spring. Obviously the 
break-down point will depend upon the strength of the spring 
and upon the distances of attachment ixiints from the axis. 

* Polyphase synchronous motors may be started by connecting to 
the line through lowering transtorroers and with the field circuit open. 
The mechanical reaction of the armature current upon the eddy currents 
generated in the field poles produces a small rotative effort sufficient to 
bring the moving member to synchronous speed without load. The 
principle underlying this porformance will be understood after a study 
of the induction motor. 
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Induction (asyochnMioiis) a. c Motors. 

The induction motor is 3 k^cal dev^opment of the ex[«ri- 
ment of Arago which so interested Faraday while an asI^i5t3Rt 
in Da\'>-'s laboratory and which led him to the discoverj- of the 
laws of electro-magnetic induction. Arago rotaUd a ma^et be- 
fore a metal disk and noticed that the latter had a tendency to 
follow the motion of the magnet. The magnetic field, cutting 
the disk, produced c. m. f. and eddy currents therein and the 
latter reacted upon the field. This was the original rotating 
field. More than fiftj- years later 
Ferraris discovered that a rotating ' 
field may be produced from stationar>' 
coils by means of poh-phase alter- 
nating currents. Fig, 134 illustrates 
the principle discovered by Ferraris 
and commercially applied by Tesla, 
Dobrowolsky and Brown. Two cir- 
cular coils arc placed together with 
vertical diameters coinciding and *■""■■ '3-t- Appawtus to 
planes at right angles. Inside is a ^^^ induction mot;^. 
]iivoted metal sphere. The coils 

are supplied with two or quarter-phase currents (two 
currents in quadrature). The sphere revolvfs because a 
rotating field is produced within the coils. This results 
from the following facts. The current in phase i is ma-xi- 
mum when that in [ihase 2 is zero. At this instant the 
magnetic axis is )>erpendicular to coil i. .\ ([iiartcr cycle 
later the current is maximum in coil 2 and zero in coil i. 
The former therefore produces the flux which has shifted its 
position in space by 90°, cutting the sphere in so doing. Each 
cycle of current corresponds to a complete revohition of the 
magnetic axis which therefore rotates at syiuhronous speed. 
At instants intermediate between those mentioned the flux is 
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produced by the two coils jointly. It occupies a position 
depending upon the relative currents in the two coils. WTiile 
the field rotates at synchronous speed the sphere follows at a 
slower speed, for if it revolved as rapidly as the field it would 
n»t be cut by the flux, no eddy currents would be generated 
and there woidd be no source of torque. The sphere "slips " 




(AUis-Chalmers Co.), 

behind the field by the amount necessar\- to cause sufficient 
eddy current to produce the required torque. The slip is a 
certain per cent of synchronism. 

The induction motor illustrated in Figs. 135, I36, 137, and 
138 operates upon the same principle as the rotating sphere. 
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The primary circuit connected to the line corresponds to the 
two coils. It may rc\-oh*e or it may remain stationary as 
may the coils in the Ferraris model if the sphere be held at 
rest. Fig. 137 shows the primary winding with its core and 
support. Tlie coils and connections are the same as in the 





Fig. 137. Primary core and windings of a. c. induction motor. 

armature of an alternator and the diagrams of alternator 
windings are applicable here. The form of coil and the plan 
of winding shown in Figs. 61 and 63 are preferred for motor 
construction. The secondary circuit corresponding to the 
metal sphere is made of copper bars, mounted in slots upon 
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a laminated core, and all short-circuited by rings at the ends. 
The secondary is made in this form in order to confine the 
currents to the paths in which they will produce the greatest 
torque and the least heat, the metal sphere being inefficient 
in these particulars.* Such an arrangement is known as 
a " squirrel cage " secondary- and most induction motors 
built in this country are of this tjpe. It is sometimes desir- 




induction motor. 



able to replace the bars with a winding similar to that upon 
the primary core. In distinction to the squirrel cage, this is 
known as a " phase-wound " sccondar\'. 

It is evident from the statements made above that if the 
field magnet of any alternator be removed and a squirrel cage 
or phase-wound secondary replace it, an induction motor 
will result. Further, when supplied with the variety of cur- 
rent normally furriished by the winding when used as an 

* It is for a similar 
apparatus shown in Fig. : 
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armature, a rotating ftdd is produced which n'ill drive a shurt 
circuited secwidary at a speed somewhat below sjiichronisni. 
As it is not necessary to have any motion of the secondary' in 
order to produce torque, a poh-phase induction motor is self- 
starting, an obrious advantage over the sjTichronous type,* 
The principle of the poh"ph a se^ induction motor also applies 
to the single-phase motor, but the latter is not as efficient nor 
as satisfactory. If all but one of the primary circuits of a 
pohTihase motor be opened after it has been brought to speed, 
it will continue to revolve at a slightly reduced speed. It 
does so because the combination of the primar\' and secondary' 
takes the place of the missing prim an,- circuits. Such a 
motor will not start from rest with but one phase in operation, 
but if started even at a ven,- low speed it will tend to accelerate 
and if not heavily leaded will " pick-up " rapidly. Motors 
of the sinjde-phase induction tj-pe are in general use on small 
fans, in sewing machine outfits and for other purposes demand- 
ing power in small units, and they are ^ery satisfactorj'. To 
obviate the necessity of hand starting, small copper links 
(shading coils) are placed on the sides of tlie coils, and these 
produce m. m. f. somewhat out of jihase with the main coils 
and yield a feeble but sufficient starting torque. 

Series a. c. Motors. 

A motor consisting of armature, commutator, and field 
magnet, and with armature and field connected in series, will 
produce torque in one direction when supplied with alternating 
current. As the same current passes throu^ armature and 
field the current in the armature conductors and the flux re- 

* The reason tor the self-starting possibilities of poh-phase synchro- 
nous motors is now evident. As the armature produces a rotating fieli 
this cuts the poles and generates eddy currents therein. A weak torque 
is produced and the rotating part is brought to speed. The field c 
is open during this operation. 
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verse at the same time and produce torque. To produce a 
satisfactory motor along these lines has required long experi- 
ence, and only within a few j-ears have the difficulties con- 
nected with proper commutation and satisf actorj^ heating been 
overcome. At present the series t^-pe of a. c. motor is being 
applied to railway'' service particularly on long interurban 
lines. 

In appearance the series a. c. motor does not differ greatly 
from the series d. c. motor illustrated in Figs. 142, 143, and 
144, except that it is equipped with a larger number of poles 
and a proportionately larger commutator. 

A type of series motor invented in 1887 b\' Prof. Elihu 
Thomson is the repulsion motor, which has the armature 
short-circuited through brushes which bear upon a commu- 
tator. It is a form of induction motor and series motor 
combined and in a modified form is coming into use. One 
type of single-phase induction motor employs the repulsion 
principle in starting. A commutator is connected to the 
secondary of an induction motor and the brushes are short- 
circuited at starting. The motor then starts as a repulsion 
motor. WTien up to speed the brushes are automatically 
thrown off and the machine continues to rotate at nearly 
s\Tichronous speed. This pennits a greater starting torque 
than is possible with shading coils. 

Shunt and Compound Wound d. c. Motors. 

The shunt d.. c. generator makes an excellent motor, and 
with the same e. m. f. applied as that produced as a genera- 
tor will give nearly the same speed. As motors are usually 
much smaller than generators their mechanical constniction 
is slightly different, but othen\4se they are the same. The 
general appearance of a motor is shown in Fig. 139. From 
a circular frame project four pole cores and coils, the usual 



974 



ELECTRICAL ENGINEERING. 



number for d. c. motors of moderate size. The field ring is 
also machined at the ends to carrj' the circular bearing frames. 
The latter support self-oiling bearings, perfect alignment of 
which is secured by the method of concentric attachment to 



^ 



r 




Fig. 139. View of d. c. shunt or compound- wound motor (Allis-Chalmers) . 

the field ring. The cast-steel pole cores, with their coils, are 
bolted securely to the field ring, the projecting pole shoes 
fonning firm supports for the coils. The slotted armature 
surface carries machine-formed coils similar to those of the 
generator, and connected, usually, in a scries or wave winding, 
requiring but two bnishes. The brushes arc small carbon 
blocks pressed by the spring fingers against the commutator 
and carried in brass holders attached to the rocker arm, all of 
a simpler construction than in large generators but otherwise 
siiailar. Tlie general appearance of the motor parts is shown 
in Fig. 141. 
Compound-wound motors are similar to the shunt motors 
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with the single exception of the series coil which is used in 
either of two ways and for two purposes: 

(a) Connected in series with the armature, and in such a 
direction as to assist the shunt field, it produces a heavy torque 
at starting and is thus useful for elevator and other service 
which starts under full or excessive torque. The series coil 
may be cut out when motor has reached normal speed. 

(6) Connected to oppose the shunt field, it weakens the field 
strength with increase of load and tends to maintain uniform 
speed. This differential connection is seldom necessarj- as 
shunt motors maintain a speed regulation quite satisfactoiy 
for most purposes. 

Series d. c. Motors. 

The series motor from the environment in which it has been 
forced to operate (that is, under street cars, on cranes, etc.) 
has taken on the peculiar form under which it is most familiar. 




closed (C. Ti. Co.). 



As indicated in Fig. 142 the case is of such a shape that com- 
pactness and water-proofing are secured, and the means of 
attachment to the car axle, and support from the axle and tnick 
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frame are proTided. Simplicity and reliability are essentials 
«rf the series motor, the parts of which are reduced to the 
smallest possible number. Figs. 143 and 144 show the appear- 
ance of fidd magnet and armature. The frame is of cast 




open (G. T.. Co.). 

Btcel for lightness, and it ser\'es as magnetic circuit and protect- 
Um case. It is of circular or octagonal form except in very 
Iiirpc motors. From the case project four very short pole 
trircN of solid or laminated steel and having pole horns to sup- 
port the coils and spread out the air gap. The pole cores are 
lutltocl to the case. 

Till' armature is necessarily large in proportion in order to 
(iiiill>U< it to produce the required torque. It is always series 
m \\tt\i< wound, requiring two brushes which are placed 90° 
tliiMlt oil top of the commutator. The same general form of 
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armature coils. Fig. 145, as those used in generators, are found 
in series motors. The plan of winding is similar to that of Fig. 
80. The commutator is illustrated in Fig. 83. The brush 




holding mechanism is of the simplest construction. The holders 
are mounted upon a frame of insulating material which is 
attached to the upper half of the case. They are adjustable 




F[G. 145. Annature coils of 



radially, but as a rule it is not necessary to provide for circum- 
ferential adjustment as the brushes remain on the neutral 
axis. They are thus placed because the motor nm.st operate 
equally well in either direction, and while perfect commutation 
cannot be thus provided, it is satisfactory under the circum- 
stances. When the motors are placed upon cars which nui in 
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■ri :ir?--!nc d~ sn-irt^— r-AT^t the brushes are shifted to 
zj.ii -ns^ ;f -iiCDc. Tac jeai wires aie carried through the case 
r. -■> .-i"!^^ ■'•-J-^-rc tae terannals being brou^t out from 
•trr. i—.-jT.^; irji "■""»•" ^itj^Cs to allow their connections to 

'.?. r.v'i: Tr »T;>:i ra-^iiTe so little attoitioa as these, special 
^"tr.'rc. rr.--js: bs cTd ;.> Ac design of dences for keeping 
'--,; irA sTtAi* "^ '< the atat. These would injure the insula- 
tyr. 'i the zftih knd produce spaildng at the commutator. Oil 
nr,i'.- art, tberef'-.nr, placed on the shaft, and these discharge 
iril'- • hum'tiCTr. n^ffinected to the oil wells or allow the oil to 
'ivtrfl'''*' "n the track. The bearings are made self-oiling or 
m-lf-i.'rea>ini; by means of rings or wicks and will run for weeks 
without attenti'm. 

The description of the railway 

tjT>e of series motor will apply in 

general to the smaller models used 

in crane, elevator and other service 

requiring large starting torque and 

a speed varj'ing inversely with load. 

The Interpole Motor is the name 

giveii to a shunt, compound or series 

motor which has between the 

I regular field poles, smaller ones 

if- with coils carrying all or part of the 

line current. A diagram of this 

urnmgemcnt is given in Fig. 146. 

iimiitatingor "inter" pole is to produce 

; ,<ii1 undcrj'oing commutation, that is, 

ii'-li 'n>c " fi'vorsinn " field is thus stronger 

1 wb.n )l»c ciinvnt is more difficult to reverse. 
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duction of this improvement is that motors can be designed 
for higher e. m. f. than before. The Hmit previoush' set was 
about 600 volts; with the interpole it may Se 1200 volts. 
An Increase of 100 per cent in the allowable line e. m. f. on 
railway circuits means a considerable saving in line loss 
or in line copper or the range of distribution may be propor- 
tionately increased. 

Motor Characteristics. 

The important curves of motors are those which indicate 
the degree to which they perform their work, that is, produce 
torque and speed, and their effect upon the electric circuit. 
The former include speed, current, torque-current, speed- 
torque and efficiency curves; the latter, power factor cur\es 
in case of alternating current motors. 

Synchronous a. c. Motors. 

As these motors produce a constant speed, the onl\' im- 
portant curves are the eflBciency and those showing the effect 
of varying the excitation current. The efficiency' curves are 
not substantially different from those of the same machine 
when operated as a generator, the efficiency in both cases 
being maximum with unity power factor. The field current 
has a marked eflfect upon the power factor of the current 
drawn by the armature and, therefore, upon the value of 
that current for a given output. A weak field produces a 
lagging current and a strong field a leading current. The 
cur\^es showing the relation of armature to field current are 
known as " V " curves on account of their characteristic 
form, the bottom of the V corresponding to unity power 
factor in the armature. 



H Induction a. c. Motors. 

^M In Fig. 147 are given the important cun'cs for the induction 
H motor previouslj' illustrated. The cun-es are plotted with ^ 
H input as abscissa; and the several variables as ordinates. The ' 
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H Fig. 147. Ciiaracteristic curves of a. c. induction motor (A. -C. Co.). 

■ rated load of this motor is 50 horsepower corresponding to 
H 42 amperes input. 

■ The power curve rises uniformly imtil the motor is produc- 
1 ing about twice the rated load after which it fails off, at first 
W slowly, then rapidly, finally descending steeply to zero after 

the break-down point has been reached. That is, if the load 
on the motor is increased the input will proportionately increase 
during normal load and over-load. If the load becomes too ] 
great the motor will at first slow down, thus decreasing the 1 
power output. Finally, it will stop. The cur^•e shows that ] 
diis motor will produce a maximum of 128 horsepower and ' 
that if still further loaded it will break down when delivering 
about 100 horsepower. 
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The power curve cuts the axis at a point indicating an 
input of 1.5 k. w. when the motor is running light. This is 
required to overcome magnetic and friction losses. 

The ampere-input curve begins at 8 amperes with no power 
input, indicating a magnetizing current of that value with 
low power factor. The curve rises at first gradually, because 
the power component of the current is small compared with 
the magnetizing component, then more rapidly and uniformly 
as the power factor increases. Finally, as the break-dou*n 
point is approached the current rises rapidly due to the 
reduction of the power factor in that region. 

The efficiency curve has the form usual in other electrical 
machines until the break-down point is approached. Here 
it falls off rapidly because the speed and output are decreasing 
while the input is increasing. Be\'ond the break -down point 
the efficiency promptly falls to zero. 

The speed and slip curves show plainly that this is a 
constant speed motor, the speed falling off but slightly until 
the motor is heavily over-loaded. The slip at full load is 
three per cent, that is, the speed is within this amount of 
svnchronism. 

A different set of characteristics is produced when the 
secondary circuit has greater or less resistance, the set used 
for illustration representing the normal values for a constant 
speed motor of this size. 

Series a. c. Motors. 

The characteristic curves of series a. c. motors are very 
similar to those of the d. c. type, the details of which are given 
in the proper place. The only additional curve of importance 
is the power factor curve which in the working range of the 
motor is very similar to that already described for the induc- 
tion motor. 
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Fig. 148. Characteristic curves of d. c. shunt motor (A.-C. Co.)* 
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Shunt and Compound-Wound d. c. Motors. 

Fig. 148 represents a set of characteristic curves of the shunt 
motor previously illustrated, plotted on a current base. 

The speed curve is practicaUy straight and indicates a 
decrease from 875 r. p. m. at no load to 828 r. p. m. at full 
load (10 horsepower) or 5.4 per cent. This corresponds to the 
slip in the induction motor and indicates the similarity in 
speed characteristics between the two types. 

The efficiency curve rises somewhat less steeply than in the 
last motor described, as at light load the field current is a large 
proportion of the total. 

The horsepower curve starts at 3-amperes intake, the current 
necessar^'^ to excite the field and overcome the no-load friction. 
Before half load has been reached it becomes and continues 
practically straight. 

The effect of a series winding connected to strengthen the 
field would be to decrease the speed and correspondingly 
increase the torque with any input current without substan- 
tially affecting the efficiency or horsepower curves. The heat 
loss in the series winding would have a slight effect upon these, 
but it would be negligible for all practical purposes. A differ- 
ential winding would decrease the toniue and increase the 
speed for a given current without material effect upon the 
efficiency and horsepower. 

Series d. c. Motors. 

The characteristic curves of series motors are radically 
different from those of the constant speed types. The torcjue 
affects both the speed and current to a greater extent. Fig. 
149 represents a set of curves from the railway motor pre- 
viously described. 

The torque curve indicates that the torque produced is prac- 
tically proportional to the current. At low values of current 
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the net torque is small on account of friction, but above a small 
value it follows a straight line law. As the same current flows 
through armature and field it mi^t be inferred that the 






Fic. 149, Characteristic 



Amperes 
mes railway motor (G. 1 



, Co.). 



torque would be proportittnal t(i the square of the current. 
()ii account of the saturation nf the magnetic circuit this is not 
the case. 

The speed curve follows nearly a hyperbolic law for the 
reason that as the current increases the speed necessarj- to 
produce a counter e. m. f. equal to the line e. m, f. becomes 
smaller. As saturation of the magnetic circuit increases the 
speed tends to become constant imtil if perfect saturation were 
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reached the speed curve of the series motor would be similar 
to that of the shunt motor. 

The efficiency curve of the series motor is practicall\' the 
same as that of the shimt motor. 

Motor Handling and ControL 

The important operating features of all motors are: 

1. Starting properly, that is, with safety to the motor and 
in accordance with the nature of the load. 

2. Variation of speed or maintenance of constant speed 
after the motor has been brought to normal speed. 

3. Protection of the motor against overload and against 
unduly sudden application of the load. 

Starting. 

When a motor is at rest it possesses only its resistance or 
impedance to the flow of current when an e. m. f. is applied. 
As a rule these are too small to prevent a rush of current 
injurious to the motor and to the line wires. Hence a device 
is necessary to limit the current to such a value as will produce 
the desired starting torque and no more. The nature of the 
load also imposes restrictions upon the rate of starting. For 
example, machine tools, street cars, elevators and crane loads 
cannot be started suddenlv from rest even if the motor is 
capable of making such sudden starts. They require more or 
less gradual acceleration depending upon the oj)crating con- 
ditions. 

As soon as the moving part of a motor begins to rotate the 
conductors cut the flux of the field whether it be of a fixed or 
a rotating nature. This cutting generates a counter c. m. /. 
in the conductors which opposes the line e. m. f. and limits 
the flow of current. The moving part automatically takes 
such a speed that the difference between the line and counter 
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e. m. f.'s is just sufficient to send the required current against 
the resistance (in a d. c. motor) or the impedance (in an a. c. 
motor) of the circuit. For example, a 220-volt d. c. shunt 
motor is required to deliver 5 horsepower at the pulley. Its 
efficiency curve shows that it will do this at 80 per cent effi- 
ciency. The resistance of the armature is 0.3 ohm. \\Tiat is 
the counter e. m. f.? To deliver 5 horsepower requires an 
input of 4660 watts in this case, corresponding to 21.2 
amperes. The armature drop is, therefore, 6.35 volts, and the 
counter e. m. f. is 213.65 volts. 

At start the possible current which could flow through the 
armature is 734 amperes, which would not only overheat the 
windings and cause excessive sparking, but would produce an 
injuriously rapid acceleration of the driven apparatus. 

Synchronous Motors cannot be started under load but must 
be synchronized 1)\^ an outside source of power. The opera- 
tion is the same as that of connecting an alternator in parallel 
with a line. These motors, when poh'phase, may be brought 
to speed by opening the exciter circuit and connecting the 
armature circuits to the line through lowering transfonners 
(usually auto-transformers or motor-starters). The fidl line 
c. m. f. cannot be at once applied as the impedance of the 
armature is not sufficient to limit the current to a safe value. 
After the rotating part has attained some speed, the applied 
e. m. f. may be raised until full value is reached. The motor 
starts under the reaction of the rotating field produced by the 
armature, upon the edd}^ currents generated in the poles. 
The starting torque is weak, hence the motor must be started 
light, i. e., without load. WTien synchronous speed has been 
reached the field nia}- be excited and the starting is complete- 
Starting by the method described, requires the use of a large 
current of low power factor, and it may have a disturbing 
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efiFect upon the regulation of the Hne. It is better in many 
cases to start by means of an auxiliary induction motor, which 
if direct connected must be provided with a smaller number 
of poles than the main motor to allow it to bring the latter 
to a speed slightly above s\Tichronism. This practice is 
indicated in Fig. 121, where the rotar\' converters have direct- 
connected to their shafts, auxiliar\^ induction motors for start- 
ing purposes. 

The rotary converter, a combination of synchronous motor 
and d. c. generator, may be started from the d. c. end if some 
other machine is already generating direct current. On a 
large system employing several converters, and especialh' if a 
storage battery fonns part of the equipment, direct current is 
usually available. The converter is brought to speed as a 
d. c. separately excited or shunt motor and it is synchronized 
as before. Even in such a system as this it is not desirable to 
depend entirely upon direct current for starting, but one or 
more converters should have auxiliary starting motors. 

Induction Motors. Polyphase Motors of small size (say up 
to 3 horsepower) may, if they are unloaded, be connected di- 
rectly to the circuits. The revolving part is light and it responds 
so quickly to the e. m. f . that excessive current is drawn for 
but an instant. Such a motor usually forms but a small part 
of the load upon a line, and hence its starting current does not 
greatly affect other apparatus connected thereto. All large 
squirrel-cage motors, and small ones of the same type, which 
must be started under load, are supplied with a small e. m. f. 
at first, which is gradually increased as acceleration proceeds. 
The graduation of e. m. f. is provided by an auto-transformer 
with its extreme terminals connected to line and intermediate 
taps to motor through sliding contacts. An arm controlled 
by a lever located outside the transformer case travels over 
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The result is the production of an irregular rotating field which 
is sufficient to start the secondary if the mechanical resistance 
is not great. As soon as the secondary starts, it cuts the 
flux of the field and generates currents which are also out of 
phase with the primary current and which increase the strength 
of the revolving field. The rate of acceleration continues to 
increase until normal speed is reached. This plan is adapted 
only to very small motors. 

Hand starting may be used to supplement or replace the 
effect of the shading coils. By these means the secondar>^ is 
forced to cut the field and bv combination of its m. m. f. with 
that of the primary a rotating field is produced as already 
described. 

Phase-splitting devices may be employed, to produce, in 
a divided circuit, currents out of phase with each other. For 
example, if a resistance and a reactance are connected in 
parallel they will draw from the same hne currents having a 
maximum possible phase displacement of 90°. If the motor 
to be started have an auxiliary circuit like the second phase 
of a two-phase motor, one of the currents in the divided circuit 
may be sent through this while the other current passes through 
the main winding. A rotating field will then be produced 
and the motor will start with a weak torcjue. The starting 
device may be cut out when the motor reaches speed. 

The auxiliary winding may be short-circuited through a 
condenser, which draws a leading current, and this combined 
with the primary current will produce the desired rotating 
field. Such a condenser arrangement need not be cut out 
when the motor is at speed, for practically no power is con- 
sumed in it. The presence of the wattless leading current 
also is beneficial as it neutralizes the lagging component of 
the primary current and improves the power factor thereby. 
This plan is used successfully in motors of a few horsepower 
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capacity. The condenser is too bulky for use with large 
motors. 

The commutator starting device, already mentioned, is in 
successful use. The secondary winding of the motor is con- 
nected to a commutator as in a direct current armature. 
The brushes are short-circuited at starting and the primary 
generates current in the secondary by transformer action but 
cannot produce a rotating field. The brushes and short- 
circuit connections force the secondary currents to flow in 
such directions that a considerable net starting torque is 
produced. The brushes are cut out and the commutator is 
short-circuited as soon as the armature reaches speed. 

Series a. c. motors mav be started with resistance in series, 
but in railway service, their most important field of applica- 
tion, they arc started as follows: A transformer, connected 
across the line, is provided with numerous secondary taps 
from which various e. m. f.'s may be secured. The e. m. f. 
applied to the motor terminals is increased by including more 
secondary transformer turns between the points of connection. 
This is done in the controller where sliding contact segments 
pass under contact fingers, making the required connections. 

A second plan for controlling the starting current is to 
connect in series with the motor a variable reactance coil, 
which reduces the e. m. f. by introducing its own counter 
e. m. f. This scheme is not in great favor because the current 
drawn through such a regulator has a low power factor and 
hence produces a disturbance in the regulation of the line. 

D. C. shunt motors are started with adjustable resistance 
in series with the annature. A starting box, similar to that 
showTi in Fig. 151, is usually employed. The field circuit is 
first closed so that the flux may attain its normal value before 
any current flows through the armature. If the field and 
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armature circuits are closed at the same instant, excessive 
current will be drawn by the armature because of the induct- 
ance of the field circuit. The inductance prevents the field 
current from reaching its full value instantly. The armature 
is next connected to the line through the resistance, the value 
of which is selected to limit the current to a certain maximum 
value. The resistance conductor in the starting box is usually 
small in proportion to the current carried as the resistance is 
in circuit for but a few seconds. The starting resistance 
should, therefore, never be left in circuit continuously. The 
resistance is gradually cut out as the motor accelerates, the 
duration of the acceleration period being determined by the 
amount of mass to be accelerated. The control of the starting 
resistance is in many cases made automatic by means of a 
device for moving the resistance box lever. This may be a 
spring, solenoid or a motor and the motion may be resisted by 
an adjustable air or oil " dash pot " to insure steady motion. 
Such a device is absolutely essential in elevator serv^ice. An 
elevator car operator cannot be trusted to control the starting 
of the motor, hence a switch is opened or closed from the car, 
and the controller, located near the motor, allows it to acceler- 
ate at a predetermined rate. 

Compound wound d. c. motors are started like shunt motors, 
except that the series winding sometimes requires special 
switch connections. If the series winding is added to produce 
a powerful starting torque, it may be short -circuited after 
speed has been reached. The motor will then heat less and 
maintain a better speed regulation than if the series coil is 
left in circuit. If the load is of such a nature that good speed 
regulation is not necessary, and if sudden heavy over-loads 
are apt to occur the series winding need not be cut out. If 
the series winding be connected difiFerentially it may be short- 
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of the various motors the following summaty will be useful in 
studying the subject of speed control. 

Type of Motor, Speed Characteristics. 

Synchronous, a. c. Absolutely constant. 

Induction, a. c. Practically constant, falls off slightly with increase 

of load. 
Series, a. c. Varies inversely with load. 

Shunt, d. c. Similar to induction a. c. 

Comjwund, d. c. With differential winding may be designed for 

constant speed, othen^'ise combines shunt and 

series characteristics. 
Series, d. c. Same as series, a. c. 

Synchronous a. c. motors have a speed determined solely by 
the line frequency and the number of field poles. Hence 
imless these are altered there is no control of the speed of such 
motors. 

Induction a. c. motors are known as constant speed motors, 
although the speed falls off by a few per cent from no load to 
full load. The synchronous or no-load speed is fixed by the 
line frequency and the number of poles, and the only way to 
alter the nmning speed is to increase the slip. This may be 
done by inserting excessive secondary resistance, which is 
sometimes done in motors of small size in order to force them 
to give " series " characteristics. F*or elevator and crane 
ser\'ice this is not objectionable in spite of the reduced effi- 
ciency and increased secondary heating. This practice of 
forcing series characteristics from a naturally constant speed 
motor should be considered exceptional. The series a. c. 
motor gives such characteristics naturally. 

Series a. c. motors are best varied in speed by the method 
already described for starting them. By means of the multi- 
tap transformer a variable e. m. f. is efficiently produced and 
the motor speed is thus readih' varied. 
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Shunt and compound-wound d. c. motors while, like in- 
duction motors, normally of constant speed characteristics, per- 
mit efficient speed control over a wide range of two methods. 

(a) By variation of the applied e. m. f. 

(b) By variation in the field strength. 

As before noted, a motor tends to take such a speed that 
the counter e. m. f. is equal to the applied e. m. f. less the drop 
in the armature. Hence other conditions being the same, 
the speed will be proportional to the applied e. m. f . * The 
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FiG. 150. Diagram showing mulli-voltagc circuits for shop motors. 



applied e. m. f. may be reduced by using some of it in resist- 
ance but this is not good practice because it is inefficient. A 
better plan is to provide several line e. m. f.'s by a multi-wire 

* This docs not apply to the speed of a. c. synchronous and induction 
motors in which the line frequency is the controlling factor rather than 
the counter c. m. f. of the motor. 



ELECTRIC MOTORS AND THEIR APPLICATIONS. 297 

or multi-voltage system such as that illustrated in Fig. 150, 
which is used for driving machine tr>ols. By the use of several 
armatures producing different e. m. f.'s a wide range of e. m. f. 
is obtained. 

Resistance inserted in the field circuits of the motors pro- 
duces variable speed by altering the field strength. As the 
armatures must generate a counter e. m. f. practically equal 
to the line e. m. f., they must run faster in a weak field than in 
a strong one. Hence an increase in field circuit resistance 
results in an increase of speed through a weakening of the field 
and vice -versa. This principle cannot be applied Uh) far for the 
reason that if the field is over- weakened sparking at the com- 
mutator results as there is not enough flux left to properly 
reverse the current in the annature coils. 

By combining the variable e. m. f. with the variable field 
regulation it is possible to adjust the speed of the shunt motor 
to meet all practical requirements. AA'ith a given e. m. f. 
and adjustment of field current the speed of the shunt motor 
will remain practically constant, while that of a compound- 
wound motor will rise or fall according to the effect of the 
series winding. 

Series d. c. motors respond to changes in applied e. m. f. 
just as do shunt motors and for the same reason. In [)ractice 
the change in e. m. f. is secured by connection of the motors 
in series, thus dividing the e. m. f. ecjually between them. The 
speed is then determined by the load resistance. The speed 
may be further affected by changing the field strength. Form- 
ally this was done by altering the number of field turns, 
but a more satisfactory^ method is to shunt the field coil with 
a diverting resistance, frequently called a " divcrtcr." The 
field m. m. f. is thus reduced, the flux is lessened and the speed 
is increased to produce the required counter e. m. f. 
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Motor Applications. 

From the characteristics of the motors their several fields 
of application naturally result. For any case a t3'pe of motor 
is selected which gives, with the available supph^ the desired 
speed regulation, produces the necessary torque and operates 
with minimum attendance and depreciation. In small, isolated 
plants the variety of current supply may somerimes be 
detennined bv the tvpe of motor which it is desired to use. 
In most cases the motor is either selected to suit the supply, 
or transforming apparatus is installed to adapt the two to 
each other. 

Synchronous a. c. motors find their principal application 
in transfonning current from one variety to another. The 
rotarv converter is a combination of svnchronous motor and 
d. c. generator, the same armature winding being used for 
both purposes. A lap wound d. c. armature is provided with 
two, three, four or six collector rings for a single, three, two 
or six-phase converter respectively. If brushes were arranged 
to bear upon the bonding rings on the back of the armature 
shown in Fig. 78 the whole would form a rotary converter 
annature. In practice the rings arc arranged in the same fonn 
as in the alternator. Such a converter will operate as a syn- 
chronous motor * and it will deliver current like anv d. c. 
generator. Converters are used in railway substations prin- 
cipally. 

The synchronous motor is also used to drive generators 
either a. c. or d. c, and in these ''motor-generator" sets the 
machines arc usually mounted upon the same bed plate, with 

* Operaicd as a motor from the d. c. end and j^^iving out alternating 
current, the machine is called an " inverted" converter. It is not in 
common use as such. Driven from an outside source of power and giv- 
ing out both direct and alternatin i: currv'nt, it is called a "double-current** 
generator. It is so used to a limited extent. 
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a stifiF or flexible coupling between. \\Tien a s\Tichronous 
motor drives an a. c. generator of the same number of phases 
but different frequency, it is given the self-defining name 
" frequency-changer." 

AMienever absoluteh' constant speed is desired from an 
a. c. line the synchronous motor is the machine adopted. 
It is seldom used in small sizes on account of the difficultv in 
starting. 

Induction a. c. motors are used in all Hnesof work in which 
fairly constant speed, fair starting qualities and simplicity 
of construction are the requirements. The motors are in 
keen competition with the d. c. shunt motor (their oj^erating 
characteristics are verj' similar) except in variable speed 
drive. Among the applications are: the a. c. end of motor- 
generator sets of all kinds; shop drive, especially line shaft 
drive, as contrasted with individual machine tool drive; ven- 
tilating fan drive; tool and other drive in which fairly constant 
speed is desirable; small residence fan and machine drive 
(a. c. lighting current being usually the only availal)le power 
source). 

Series a. c. motors are at present used almost exclusively 
for railway service to which they are peculiarly well adaj)ted. 
They give a large starting torque and as they are single-phase 
they require the use of but one trolley wire (the rails being 
used as the return). Tliev are heavier than the series d. c. 
motor of the same rated output, hen(*e are used mainly on 
long interurban lines where the transmission system is a 
predominating factor. Direct current motors used on these 
lines rec^uire rotar>' converter substations. 

Shunt d. c. motors are pre-eminently adapted to direct 
driving of machines requiring speed adjustment. They arc 
also in competition with the induction motor in constant 
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spiced work. The latter has the advantage of sinipliL-ity, but 
the manufacturers of d.c. motors have, through long experience, 
succeeded in developing a type of motor with almost perfect 
commutation. Hence commutators and brushes give com- 
paratively little trouble. 

Compound d. c. motors arc applied to a limited class of 
service in which the requirements are large starting torque 
and reasonably constant speed when full speed is reached. 
The best example of this is the elevator. Differential com- 
pounding meets the very occasional requirement of absolutely 
constant speed or a speed increasing with the load, Sudi 
requirements are all of a special nature. 

Series d. c. motors are almost perfectly adapted to service 
requiring large starting torque and in which it is desirable 
or allowable to permit the speed to varj' greatly with the load. 
Hence the prevalence of this type of motor in railway service. 
Take for example a railway car climbing a grade. A shunt 
motor would drive it at practically the same speed as when 
upon the level, resulting in a destructive load upon the motor 
unless it is large enough for the heaviest demand, A series 
motor automatically slows down to such a speed that the 
desired torque is produced without unnecessary draft of current. 
On the level the motor speeds up until the current is cut down 
to the value just necessary to overcome the mechanical resist- 
ance. Further, as railway service involves frequent stops, tJie 
excellent starting qualities of the series motor are utilized. 

Another example of series motor application is in electric 
crane service, a ver>- important field. Such a crane nor- 
mally requires three motors: one to raise the load, a second for 
transverse motion of the trolley, and a third for longitudinal 
travel of the crane as a whole. Tlic requirements are vcrj' 
similar to those of the electric railway. 
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Protection Against Over-load. 

Two kinds of circuit opening devices are used in motor ser- 
\-ice; fuses and mechanical circuit breakers. Fuses are made 
of lead-tin-bismuth alloys of various proportions, and they are 
usually enclosed to prevent damage in melting, which occurs 
very violently under short circuit. In addition to fuses, 
which are usually installed and depended upon in cases where 
other devices fail, an automatically operated switch is often 
installed. Such a circuit breaker is closed against the resist- 
ance of a spring and is held in the closed position by a trigger. 
The line current, or a current proportional thereto, passes 
through a solenoid which attracts an iron armature attached 




Fio. 151. Starting box for d. c. shunt motor. 



to the trigger. When the current is excessive the trigger is 
tripped and the switch opens. Such an arrantremcnt is an 
" over-load " circuit breaker. It is sometimes a separate piece 
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of apparatus but in connection with shunt d. c. motors may 
form a part of the starting box. WTien this plan is employed 
the trigger releases the switch when the current becomes 
excessive, and it is restored to the starting position by the 
spring. 

An additional circuit breaker is also desirable in motor 
installations to protect the motor in case the line e. m. f. 
should fail and should then be restored, a contingency which 
frequently arises. This device usually forms a part of the 
starting box and consists of a second solenoid the function of 
which is to release the trigger when the line e. m. f. falls below 
a predetermined value. This is illustrated in Fig. 151. 

Fuses are selected and circuit breakers adjusted to open the 
circuit when the current exceeds a certain value. This is 
usuallv considerablv more than nonnal full-load current as 
excess starting current must be provided for. 
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Incandescent Lamps. 

Incandescent Lamp Manufacture. The incandescent lamp 
is a device for transforming into light a part of the heat gen- 
erated by the passage of an electric current through a solid 
of high resistance. At low temperature all the energy absorbed 
by the substance passes off as heat, but above a temj)erature 
of 350® C. light is given off, increasing in intensity up to the 
melting point. The incandescence of the filament o£ such a 
lamp is caused by the rapid motion of the particles, and decom- 
position of the filament is in general prevented b\' the extrac- 
tion of the air from around it. The filaments of incandescent 
lamps may be of carbon or of highly refractory metal. Plati- 
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num was the first material used for this purpose. It did not 
prove satisfactory on account of the distillation of the metal 
at the temperatures necessary to produce incandescence. 
The metal filament was replaced by one of carbon in the 
development of which Edison tested every available substance 
to determine the best source of the carbon. Threads of 
different kinds and fibers of numerous plants were experi- 
mented with. At the present time carbon filaments are formed 
from cellulose. 

A complete lamp consists of the following parts: 

(a) The bulb. 

(6) The filament. 

(c) The base, which includes the support for the filament. 

((/) The connecting wires between the filament and the base. 

The manufacture of the lamp consists of the following 
processes : 

(rt) Forming the filament. 

(6) Carbonizing the filament. 

(c) ** Flashing " the filament. 

(rf) Blowing the bulb. 

(c) Mounting and sealing the filament and placing in the bulb. 

(/) Exhausting the air from the bulb. 

(g) Testing and rating the lamp. 

Carbon filaments are made either from vegetable thread, 
which has been changed into a form called amyloid by treat- 
ment in sul[)huric acid, or from wool which has been digested 
into cellulose form. The thread is drawn through die plates 
forming a tough fiber of uniform section. The cellulose solu- 
tion is ''scjuirtcd " through a die plate into alcohol which 
sets it into a tough fiber similar to that produced by the first 
method. The prepared fiber is wound upon carbon blocks of 
a i^oper form to produce the required shape of loop. Tlie 
blocks with the wrapping of fibre are then placed in a carbon 
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box and surrounded by carbon dust. The box is supplied 
with vents to permit the exit of the volatile matter in the 
fiber. The box with its contents is gradually raised to a 
white heat and allowed to remain at a high temperature 
until all volatile matter has been removed. After it has 
cooled down slowly the filaments are removed in the form of 
pure but granular carbon. They are temporarilj' mounted 
for electrical connection to an electric circuit and aire heated 




Fig, 159. Paris of a carbon filament incan<lcscent lamp. 



to a high temperature in a hydro-carbon gas by means of the 
electric current. The hydro-carbon gas is decomposed by 
the heat and deposits a layer of carbon upon the filament. 
This layer is densest on the hottest parts of the filament, 
where it is most needed to produce a uniform section. The 
process described is known as "flashing" and when the 
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filament is removed from the vessel in which the operation is 
carried on, it has lost its granular appearance and has a smooth, 
hard, and apparently metallic surface. The filament is thus 
rendered more durable and better suited for the production 
of incandescence. The ordinary carbon filament lamp is 
" Aashed " at only a moderate temperature. A recent im- 
provement in this line consists in depositing the surface carbon 
at a miich higher temperature. The filament then becomes 
still more metallic in character and may be operated at 
higher efficiency. Such a filament is know-n as a " metallized " 
filament. 

The filament is mounted upon platinum wire supports by 
means of a carbon paste deposited upon the joints. This 
method takes the place of the electro-plating and soldering 
method once employed. Platinum is the only metal available 
for the leading-in wires, as its coefficient of expansion is the 
only one sufficiently near to that of glass. The platinum 
wires are then sealed into a tube flared at one end for attach- 
ment to the bulb, which has been prepared meanwhile by blow- 
ing either from tubing or in molds direct from the pot. After 
the tube with the filament has been sealed into the bulb the 
air is removed by means of a vacmim pump through a small 
piece of tubing sealed on the end of the bulb for this purpose. 
After the removal of the air this tip is sealed over. The lamp 
is then mounted in porcelain in the brass base and the termi- 
nals are soldered to the contacts. 

The manufacture of metal filament lamps which has recently 
attracted attention, involves entirely different manufacturing 
processes. When ductile metals like tantalum are emploj'ed 
the production of the filament is a comparatively simple matter, 
although it requires great skill on account of the small diam- 
eter of the wire. The conductivity of the metals is very 
much higher than that of carbon. Hence the use of a long 
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\\'ire of small diameter is necessary. When non-ductile metals, 
such as tungsten, are used, a round-about procedure must be 
followed. As an example, one method of producing a tungsten 
filament is as follows: A carbon filament is first prepared 

and this is electro-plated with metallic 
tungsten. The filament is then 
" flashed " in a hydrogen atmosphere 
at a very high temperature, resulting 
in the absorption of the tungsten by 
the filament and the production of 
tungsten carbide. The carbon is next 
removed bj'^ surrounding the filament 
with tungsten oxide and heating to 
a high temperature. The carbon is 
oxidized and passes off in gaseous form 
leaving the metallic filament ready for 
use in incandescent lamp construction. 
Operation of Incandescent Lamps. 
The amount of light given off by an 
incandescent lamp dci)ends entirely 
upon the temperature at which it is 
operated. Lamps are purchased for operation at a certain 
e. m. f. with specified consumption of watts per candle 
power. The average values for the carbon filament lamp 
lie between 2.5 and 4 watts j)cr candle power. liy oper- 
ating at an e. m. f. greater than the rated value more 
light will be produced and at a higher efficiency. The lamp 
^^^ll, however, " bum out " sooner because the filament will 
distill more rapidly. There is, therefore, a compromise between 
length of life and efficiency of operation. The relation of 
life and candle power to e. m. f. is shown graphically in 
Fig. 154. The practical efficiency at which the filaments 
should be used depends largely upon the regulation of the 



Fig. 153. The tantalum 
filament incandescent 
lamp. 
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■ line e. m. f. If perfect regulation is to be had, hi^ efficiency 
1 lamps may be used. Where the e. m. f. varies between wide 
H limits, say 10 per cent or more, low efficiency lamps are abscn 
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1 Fig. 154- Ciu-ves showing the effect of variation in voltage upon th 
ft candle power and life of carbon filament incandescent lamps. 

■ lately necessary. Metal laments have in general a high* 
B efficiency than carbon filaments, and they are less sensiti\ 

■ to changes of line e. m. f. on account of their positive tempera 
1 ture coefficients. The same general principle of the relatio 

■ of life to efficiency applies to them and detennines the bes 
values to be adopted for a specific case. 

To illustrate the variation of efficiency with e. m. f. assum 
that a 16 candle-power lamp consumes 56 watts at Km volt 
At this e, m. f. it is a 3.5 watt lamp. If the e. m. f. b 
increased to 104 volts, 60 watts may be consumed and 2 
candle power produced, the power consumption then bein 
3 watts per candle. A further increase of e. m. f. to no volt 
may produce a candle power of 28, and a watt consumplio 
of 78, or 2.8 watts per candle. The efficiency at which it 1 
best to run an incandescent lamp is purely a commercia 
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matter. As the efficiency increases with increase of e. m. f. 
the life is shortened and a point is reached at which the cost 
of renewing the lamps is equal to the savinj:^ of power. This 
point is obviously the limit of economical increase of lamp 
efficiency.* The economic or useful life of the lamp ceases 
lonp; before it " bums out." The term " smashing point " 
has been suggested as a name for the end of the useful life. 
Tlie following problem will serve to illustrate what is meant by 
the term " smashing point." 

Illustrative Problem in the determination of the economical 
life of an incandescent lamp. 

Given the following data: 

Cost of electrical energ\',7 cents j>er k. w. hour. Initial power 
consumption of lamp, 3.2 watts per candle power. Cost of 




MO 6O9 

IToun 



1000 



Fig. 155. Curves showing the relation of life, candle power and power 
consumption in carbon filament incandcsocnt lamps. 



lamp, 16 cents each. The curves of life and candle i)()wer, life 
and watts p)er candle as given in Fi^. 15.S. secured from tests. 

The calculation mav be made on the basis of anv number 
of hours without affecting the result. In this case one thou- 
sand hours are selected for convenience. The following table 
shows the details of the calculations, and the curve in Fig. 
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156 is a graphical representation of the results. The minimum 
cost of a thousand candle-power hours of operation for this 
case is about 26.5 cents, and to obtain this minimum cost 



Lamps smashed 
after 



No. of 

Lamps required in 

1000 boars. 



Mean c. p. 



Total c. p. 
hoars. 



Lamp cost, in 

cents per 1000 

c. p. noars. 



hours 
100 
200. 
300 
400 
500 
600 
700 
800 
900 
1000 



10.00 
5.00 

3-33 
2.50 

2 .00 

1 .65 

1-43 

1-25 
I . II 

1 .00 



20.5 
19.7 
18.7 
17.9 
17 .2 
16.5 
16.0 

15-5 

15. 1 
14.7 



20500 
19700 
18700 
17900 
17200 
16500 
16000 
15500 
15100 
14700 



7.80 
4.06 
2.85 
2 .24 
1.86 
1 .60 

1.43 
1 .29 

1 .18 

1 .09 
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from curve. 
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k. w. hours. 



K. W. hrs. 

per 1000 c. p. 

hours. 



Energy cost 

per 1000 c. p. 
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Total cost 

per 1000 c. p. 
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63.5 


3-IO 


21 .70 


29.50 


3-22 


63-4 


3.22 


22-55 


26.61 


3-38 


63.2 


3.38 


2365 


26.50 


3-54 


634 


3-.^4 


24.80 


27.04 


364 


62.6 


3.64 


25-50 


2736 


3.83 


63.2 


3.83 


26.82 


28.42 


3-96 


63 -4 


3-96 


2775 


29. 18 


4.08 


63.4 


4.08 


28.60 


29.89 


4.18 


63.2 


4.18 


29.30 


30.48 


4.26 


62.6 


4.26 


29.85 


30.94 



requires that the lamps be replaced when they have burned 
for somewhat less than 300 hours. A different cost of lamp 
or a different cost of energ\^ will affect these results, and the 
conclusion will not be the same for a different initial efficiency 
of lamp. 

The " smashing point " as described does not apply as well in 
the case of metal filament as in carbon filaments for the reason 
that the candle power does not fall off as rapidly in this case 
as in the other. The efficiency is also better maintained. 
WTiether or not an incandescent lamp should be allowed to 



ELECTRIC LIGHTIXG AND HEATING. 



3" 



bum itself out depends entirely upon the decrease in its effi- 
ciency from the beginning to the end of its life. \\^ith the or- 
dinary carbon lamp this decrease may amount to one-third of 
the candle power. 




100 



600 «00 900 

Life of Lamps in Hooii 



1000 



Fig. 156. Curves between useful life and total operating cost of carbon 

filament incandescent lamps. 

The Nemst Lamp. The standard forms of incandescent 
lamp require a vacuum protection for the filament in order 
that it may not be oxidized. In the Nemst lamp a filament 
of highly refractory rare earth is employed, and it is operated 
in the air. The filament is protected only by its very high 
melting point. Such a material is a non-conductor when cold 
and becomes a conductor when heated. The Nemst lamp, 
therefore, has incorporated with a glower, as the filament is 
called, a heating device to bring it to a conducting temper- 
ature. A filament of this nature has a negative temperature 
coefficient, that is, its resistance decreases as the temperature 
increases. Hence it is unstable and would be soon bumed 
out if connected directly across the supply mains. To pro- 
tect it there is inserted in series a resistance having a positive 
temperature coefficient. Iron wire is well adapted to this pur- 
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pose. This ballast compensates for the decrease in resistance 
of the glower and maintains a fairly uniform current through it. 
To protect the iron wire from oxidization it is enclosed in a 
glass tube from which the air has been exhausted. 

In the American type of lamp the glower is held in hori- 
zontal position with the heater directly above. The heater 
consists of one or more clay tubes wound with high resistance 
wire and covered with a protecting layer of fire clay. As the 
heater is only needed at starting it is cut out of circuit b3^ an 
automatic cut-out as soon as current flows through the glower. 

The Nemst lamp has an efficiency much higher than the ordi- 
nary incandescent lamp. The light is of an excellent quality 
and when distributed through a frosted globe is very satis- 
factory for interiors or for street lighting. The mechanism 
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Fig. 157. Diagram of circuits in the Nemst lamp. 

makes it necessarily somewhat expensive, and in this respect it 
occupies a position midway between the incandescent and the 
arc lamps. Fig. 157 shows in diagram the arrangement of the 
various parts of the Nemst lamp. 
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Arc Lamps. 

General Principles. The name electric arc, derived from 
the arched form of the vapor absorbed in Davy's horizontal 
lamp, is given to the stream of incandescent vapor which 
connects the terminals of a circuit when these are drawn 
apart, and when there is sufficient c. m. f. maintained between 
them. Practically any metal or other material which will 
form a conducting vapor when heated will produce an arc in 
this manner. The hottest arc is that produced between 
carbon terminals, which requires a higher e. m. f. than metals. 
The following table from Fleming indicates the e. m. f . required 
for a number of substances. A few metals, of which zinc is 
most conunon, do not fonn an arc readily and are for this 
reason given the name non-arcing metals, 

TABLE SHOWING THE NUMBER OF VOLTS REQUIRED TO 
MAINTAIN AN ARC BETWEEN TERMINALS OF DIFFERENT 
MATERIALS (FLEMING). 

Maieriai. Initial V'oltt, 

Carbon 35 

Platinum 27 

Iron 26 

Nickel 26 

Copper 23 

Silver 15 

Cadmium 10 

The luminosity of an arc between two terminals is due 
partly to the vapor and partly to the incandescence of the 
tenninals when these are of a nature to be raised to the neces- 
sary temperature. 

The Carbon Arc. In the carbon arc the vapor itself gives 
out very little visible radiation, practically all of the light 
coming from the incandescence of the positive terminal in 
d. c. lamps or from both terminals in a. c. lamps. Fig. 158 
represents the appearance of pairs of carbons with the arcs 
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between terminals for a. c. and d. c. open and for the enclosed 
lamps. In the d. c. lamp the positive carbon contains at the 
end a crater formed by the rapid volatilization of the material 
at this point which is the hottest region about the arc. The 






Fig. 158. 



Appearance of the d. c. and a. c. open arcs and of the 

enclosed arc. 



temperature of the crater is estimated at from 3500 to 4000° C. 
and it emits about 85 per cent of the total light. The arc 
itself furnishes perhaps 5 per cent and the remainder comes 
from the tip of the negative carbon. In the alternating cur- 
rent arc the light comes from both tips, a very small quan- 
tity' being given off by the arc. The condition is the same in 
the enclosed arc although here the carbons are separated by a 
greater distance than in the open forms. 

The manner in which the light is radiated by the charac- 
teristic carbon arcs is shown in Fig. 159. The crater of the 
positive terminal of the d. c. arc, w^hich is usually above, acts 
as a natural reflector, throwing the light downward. The 
alternating arc requires a reflector to render the upper light 
zone available. In projection lanterns, which are preferably 
equipped with d. c. arcs, the crater may be formed in a vertical 
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position by inclining the carbons or by setting the negative 
somewhat in front of the positive tip. The light is then 
efficiently directed toward the condensing lens. 









Fig. 159. Diagram of distribution of light from d. c. and a. c. arcs. 

New Forms of Arc, The standard carbon arc lamps produce 
their light by the incandescence of the carbon terminals, 
practically no light being given out from the arc itself. The 
most successful improvements in arc lami)s have been those 
bv which the arc itself has been made luminous. In the 
Bremer and Blondel lamps, materials such as calcium and 
strontium are added to the carbon resulting; in the i)roduction 
of ver>' luminous and highly efficient arcs. I**rom the appear- 
ance of the arc these lamps are knowTi as ** flaminj!; arc lamps." 
In these lamps the carbcms i)roduce between the terminals 
a vapor path which acts as the vehicle to convey the particles 
of the light-producing substances. The presence of these 
sul)stances in the arc reduces the temperature of the terminals 
so that comparatively little light comes from the heated car- 
bon tips. The efficiency of light production Ijy lliese lamps 
is nearly ten times as great as that of the carbon arc and 
nearly thirty times as great as that of the ordinary carbon 
filament incandescent lamp. 

Flaming arc lami)s are best adaj)ted to the lighting of large 
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spaces as the light is produced at very high candle power. 
The fumes given off by the lamps are objectionable in confined 
spaces, hence good ventilation must be provided. The color 
of the light, while more or less under control, is not as satis- 
factory as that of incandescent lamps. 

The Magnetite Arc Lamp. A very successful form of flaming 
arc lamp, which is being adopted for street lighting, is one in 
which the one terminal is copper and the other magnetite. 
A bluish light is produced at high efficiency and the consump- 
tion of metal in the arc is so slow that trimming need onl3^ be 
done at long intervals. 

Construction of Arc Lamps. In order to produce and 
maintain the arc in an arc lamp several devices are necessar\\ 
The terminals must first be placed in contact, then drawn 
apart the desired distance. This distance must be maintained 
as the carbons bum off. The lamp must be cut out of circuit 
if for any reason the regulating device fails to act. The con- 
struction of the lamps depends upon the variety of circuit 
upon which they are to operate. A circuit especially designed 
for arc lighting alone is usually a series circuit, as it is easy to 
maintain a constant current in such a circuit and constant 
current is best for the arc. In many cases it is desirable to 
operate arc lamps in multiple on a constant potential circuit. 
There are, therefore series or constant current lamps and 
multiple or constant potential lamps. Either type may be 
adapted to direct or alternating current. 

The regulating mechanism of the series lamp is for the 
purpose of maintaining the predetermined distance or e. m. f. 
between the terminals, when a constant current is supplied. 
The regulating mechanism consists of springs and of solenoids 
in series and in shunt with the arc. The arrangement of coils 
gives rise to two general types of lamp, the differential and 
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the shunt. In the former, the series coils are used for raising 
and the shunt coils for lowering the carbons. As shovra in 
Fig. 4, the coils act upon hinged armatures which control 
the clutch, which in turn engages a long rod carrying the 
upper carbon. The series coil carries the main current and 
tends, when energized, to cause the clutch to grip the rod and 
raise it. The shunt coil which is connected across the arc 
tends to release the clutch and allow the rod to descend, 
shortening the arc. The operation of a differential lamp is 
as follows: WTien no current is flowing the carbons are in 
contact. As soon as current begins to flow the series coil 
comes into action, pulling the carbons apart. The arc is thus 
formed and the current gradually bums off the carbons. As 
soon as the arc becomes long enough to energize the shunt 
coil sufficiently the latter allows the upper carbon to descend. 
The arc is thus maintained at a unifonn length under the 
differential action of the two coils. If by any accident to 
the mechanism the arc becomes too long, an automatic "cut- 
out " short-circuits the lamp and prevents excessive voltage 
across the terminals of the shimt coil. 

In the shunt lamp there is no series coil, its place being 
taken by a spring which serves a similar purpose. When 
there is no current in the lamps the carbons are in the position 
occupied when current was cut off, as the spring pulls con- 
tinuously, clamping the clutch until the shunt coil is energized. 
When the current is turned on the carbons arc fed tt>gether, 
and when they touch the shunt coil is short-circuited and 
the spring pulls the carbons apart. As the arc lengthens the 
drop in e. m. f. increases until the shunt coil overpowers the 
spring and the clutch is loosened. 

Multiple arc lamps are designed to operate on a constant 
voltage, hence the mechanism must be susceptible to change 
in current instead of arc voltage as in series lamps. A solenoid 
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in series with the arc takes the place of the shunt coils in 
series lamps, its function being to release the clutch when the 
current is reduced below a certain amount. The lengthening 
of the arc increases its resistance and hence cuts do^n the 
current. When not in operation the carbons are in contact 
and are drawn apart by the solenoid when e. m. f. is applied 
to the terminals. In series with the arc in all multiple lamps 
is a " ballast," of reactance in a. c. and resistance in d. c. 
lamps, for the purpose of steadying the current. The move- 
ment of the mechanism, even when resisted by a dash pot, 
is irregular unless ballast is used. 

It is sometimes desirable to operate several multiple lamps 
in series, for example, on a 220 or 440 volt circuit. It is pos- 
sible to do this on alternating current circuits by connecting 
the lamp junctions to taps in a single coil transformer so that 
the voltage will be evenly sub-divided among the lamps. 
In general the best satisfaction is obtained b^'' avoiding such 
special arrangements. 

Open and Enclosed Arcs. In addition to the regulating 
mechanism there are other important parts of the lamp. 
An enclosing globe surrounds the arc in most modem lamps 
for the purpose of keeping unnecessary' oxygen away from it 
and thus increasing the life of the carbons bj^ at least ten 
times. The globe is not air tight but the passages to the out- 
side air are small, and circulation of the air is not encouraged. 
The enclosed arc is longer than the open, causing more drop in 
e. m. f. and producing a given power consumption with less 
current than in the open arc. AMiile a certain amount of light 
is absorbed in the enclosing globe the resulting diffusion and 
improvement in illuminating efficiency" offsets the loss. The 
saving in trimming is, however, the main advantage. An 
all-night open lamp requires tw^o sets of 1 2-inch carbons each 
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of which will bum from 8 to 10 hours. The enclosed lamp will 
operate nearly 100 hours on one pair. 

Light Produced by Arc Lamps. At one time arc lamps were 
rated in candle power, 1200 c. p., and 2000 c. p. lamps being 
standard. This rating was entirely nominal, as a 2000 c. p. 
was one in which 450 watts were consumed at the arc. The 
actual candle power in such lamps is much smaller than indi- 
cated by the rating. At the present time arc lamps are not 
rated in candle power but in current, e. m. f. and power con- 
sumption. 

A certain electrical power used in an arc of a given kind 
will produce a definite quantity of light. Hence, as photo- 
meter measurements are difficult, and power measurements 
are easy to make, it is much better to avoid, for commercial 
purposes, any reference to candle power except in comparing 
the efficiency of various light sources. 

The Vacuum Tube Lamp. 

Fig. 5 shows the general arrangement of a modem 
vacuum tube lamp. A glass tube about 1.75 inches in 
diameter is used in such lengths as to. produce the 
desired quantity of hght. Carbon teniiinals arc inserted 
in the ends of the tube and current is conducted between 
them by low pressure air or other gas within the tube. 
The high voltaige required to maintain the current is produced 
in a raising transformer with its primary circuit connected 
to the regular service mains. Tlic tube tends to further 
exhaust itself in action, and to prevent too great a decrease 
in pressure a regulating valve is provided. It consists of a 
glass tube containing a porous carl)on plug ordinarily covered 
with mercury. Over the plug is a movable glass tul)e which 
contains at its upper end a bundle of iron wires. These form 



3ao ELECTRICAL ENGINEERING. 

the core of a solenoid connected in series with the primary 
of the transformer. When the core is drawn up by the solenoid 
the tip of the carbon plug is exposed and air (or other gas) is 
admitted to the tube. Up to a certain [joint the conductivity 
of the gas increases as the pressure diminishes, therefore more 
current is drawn from the line and through the solenoid as 
the vacuum tends to improve. The increase in current 
raises the core of the solenoid. If the vacuum were allowed 
to increase it would eventually produce a much liigher resist- 
ance and unsteady operation would residt. 

The Mercury Vapor Lamp. 

This lamp consists essentially of a glass tube, several feet 
in length, exhausted of air and comiected to a reservoir of 
metallic mercury. The metallic merturj- forms one electrode, 
the other being located at the end of the tube remote from 
the reservoir. The tube is mounted so that it may be tdtcd 
to allow a stream of metal to connect the two terminals and 
thus start the arc. WTien once started the arc is maintained 
by the volatilization of the mercury, the vapor of which fills 
the tube. A greenish light of higli intensity and efficiency if 
thus produced. In some forms of lamp (see Fig. 6) a tilting 
magnet is placed in an overhead canopy and the action of the 
tube is entirely automatic, otherwise it is tilted by hand. 
This lamp, being of an electrolytic nature, is essentially a 
direct current lamp. The action consists in the vaporization of 
the raercurj', the vapor rising, condensing on the tube and 
flowing back to the reservoir for re-evaporation. 

Fields of Application of Electric Lamps. 
Incandescent lamps are used for the illumination of resi- 
dences, shops, offices, etc., for the lighting of large interiors 
and to a hmited extent for street hghting. In spite of the 
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low efficiency the lamps are popular because they are cool, 
safe and convenient to operate, and the small size of the units 
permits uniform distribution of the light by the use of a large 
number of lamps. The color of the light is satisfactory', espe- 
cially in the high temperature lamps of recent development. 
In large interiors where the construction of the building is 
such that the lamps may be located within a reasonable dis- 
tance of the floor, incandescent lamps, distributed at an average 
rate of from 10 to 20 16 c. p. lamps per thousand square 
feet of floor area, produce a soft, unifonn and efficient illumi- 
nation. A similar allowance is satisfactorj" in residences. 
The allowance of light is one for which no general niles can be 
laid down, as the color of the walls, ceiling, and floor and the 
purpose for which the room is designed verj' largely affect it. 
All such lighting must be planned with both the. general and 
special requirements in view. For example, a large shop may 
contain a number of machines at which fine work is done. 
Assembling processes may be going on in the same room. 
The former require si>ecial lighting. Each of the machines 
would be provided with one or more incandescent lamps in 
addition to the general lighting which miglit be either by 
incandescent or arc lamps. 

Street lighting by standard incandescent lamps is not 
popular although practiced to a limited extent. While the 
small units are advantageous in giving good distribution of 
light in streets, the large nnmber is objectionable. Further, 
incandescent lamps are essentially constant potential lamps, 
and operate best, therefore, in parallel. For copper economy, 
street lighting can be best accomplished by means of a series 
circuit with constant current, because it is cheaper to main- 
tain the latter than a constant potential at the lamps. While 
series incandescent circuits are in operation they are on the 
whole more troublesome to operate than arc lamps for a given 
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amount of illumination, for several reasons, among which are 
the following: First, there are more of them. Second, the 
current is smaller and more circuits vnth their regulating 
mechanisms must be used. Third, they are much less 
efficient. 

Xernst lamps are used both for street and for interior 
lighting. Their high efficiencj'^ commends them and the 
quality of light is excellent. They operate best on alternating 
current circuits and are always connected in multiple. They 
are most satisfactory on a higher §. m. f. than the standard 
forms of incandescent lamps. 

Arc lamps are most suitable for street and other outdoor 
lighting. They are too bright for most interiors, although 
when softened by enclosing globes of opal or sanded glass the 
light is satisfactory for many purposes. Their high effi- 
ciency is best utilized when the arcs can be surrounded by 
clear globes, which is the case only in outdoor work. Flam- 
ing arcs, as a rule, must be enclosed in opal globes on account 
of their intensity. Their efficiency is great enough to offset 
the loss thus incurred. 

Vacuum tube lamps are adapted only to indoor illumina- 
tion. The light is soft and agre(iable and of good color. The 
tubes, as at i)resent constructed, are mainly designed for support 
from ceilings and walls. The efficiency of the lamps is not 
high enough to permit them to compete with the arc lamp for 
outdoor lighting. 

Mercury vapor lamps are used for general illumination 
where the peculiar actinic values of the light are appreciated, 
and where the green color is not objectionable. By means of 
" artificial skylights " constructed of these lamps the photo- 
grapher is independent of the sun in making exposures. The 
light is being found valuable in shops, wharves and ware- 
houses. 
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In the IntToductioo a general summary of the statiis of 
electric lifting is presented. The various commercial fonus 
of electric lamp are briefly described. In all of these, li^t 
is produced inefficiently, for in any ligbt-producing source 
the major portion of the power used is wasted in the form 
of heat, and at the best but a small part of the power 
appears in li^t. In the past few years new forms of 
gas and electric lamps have been developed and increased 
efficiency secured. The ordinar>' forms of electric lamp do 
not produce li^t cheaply but they are used because they are 
convenient, safe, cleanly and cool. 

The following table* indicates the relative values of the 

TABLE SHOWING RELATIX'E COMMERCIAL VALUES OF 

' VARIOUS LIGHT SOURCES. 



Somree of Ufkt. 



Kerosene lamp 

Gasoline 

Welsbach incandescent gas light .... I 
High-pressure incandescent gas light . . 

•* Lucas light*' 

"MiUenium light" 

Carbon Filament electric lamp 2.6to^.Q9 

Osmium lamp 

Xemst lamp 

Electric arc lamp 

Flame arc ... 



CAloriet 




Coet per 


per caadle 


zooo 




per koar. 




iB oeatt. 


36.4 


, 


21 . 


■<> 3 




22 . 


1 1 .0 




6.8 


6.4S 




4.5 


7. 82 




4.8 


> ' 4 i 


1 


3-5 


2.6 to ^ .Q9 


1 3° 


to 46 


I -.u 


1 


16. 


1.6.^ 


f 


ig. 


0.<) 


1 


1 I. 


. 2 




^•3 



various light sources now in use. Since the preparation of this 
table other forms of electric lamp have l)een invented. Of 
these the tungsten incandescent lamp promises most, and when 

♦ Quoted in the Proc. of the International Electric Lij::ht Assoc, for 
1905 from a paper by Wedding, before the Cologne Electrical Society. 
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commercially available will be on about even terms with tlie 
present form of carbon arc lamp. 

In studying the subject of electric lighting a distinction 
must be made between the intensity of illumination in a light 
source and the amount of illumination which will be produced. 
The most efficient sources of light {the efficiency being measured 
for convenience in candle power per watt) do not necessarily 
produce the most efficient illumination for several reasons. 
First, these verj' efficient light sources are of large candle 
power and hence must be widely distributed. A few light 
sources, placed far apart, do not give the most satisfactory 
iUuraination under ordinary circumstances. Second, li^t 
produced at verj- high luminous intensity is more rapidly 
absorbed by the atmosphere, hence, proportionately less 
reaches the object to be illuminated. Third, the color of the 
light affects its value as an illuniinant. These facts indicate 
the distinction which must be made between light and illitm- 
inalion. Illumination is the desired end of electric lighting 
and from this standpoint all light-producing devices must be 
judged. 

Efficiency of Light Production, 

The thermodTOamic efficiency of light production is very 
difficult to determine as it depends upon the wave length of ' 
the radiation. All of the energy which is absorbed by a light 
producing source goes off in the form of radiations of variou.s 
wave lengths. Unfortunately only a small part of these are 
visible. It would be verj- convenient if the ratio of energy 
radiated in visible wave lengths to the total energy absorbed 
had some definite value. Numerous tests have been made to 
determine this ratio and Dr. Roeber states that the best deter- 
mination is that of AngstriJm. Angstrom's determination 
indicates that if all of the energy- radiated by a black body 
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appeared as light, one mean spherical candle power would be 
equivalent to O.I 15 watt, or one watt to 8.7 mean spherical 
candle power. This gives a value for the particular quality 
of light experimented upon. It is not safe to applv the con- 
stant in general, as the efficienc\- varies greatly with the wave 
length. For practical purposes the efficiency is considered as 
a certain number of mean horizontal or mean spherical candle 
power per watt. Dr. Roeber estimates that the tantalum 
lamp which consimies about 2.8 watts per mean spherical 
candle power has a thermod\Tiamic efficiency of 3 per cent as 
calculated from Angstrom's coefficient. A table published by 
Mr. E. P. Le\^4s gives useful comparative data regarding the 
luminous (or thermod\Tiamic) efficiency of various light 
sources and the corresponding watts per candle power, the 
reciprocal of the commercial efficiency. 



TABLE OF LUMINOUS EFFICIENCIES .WD POWER CONSU.MP- 

TION IN VARIOUS LIGHT SOURCES. 



SOQTOO. 



Red hot wire . . , 
Hydrogen flame 

Candle 

Oil lamp .... 
Gas flame .... 
Welsbach burner . 
Carbon filament 

Nemst 

Titanium .... 

Osmium 

Tantalum .... 
Tungsten .... 
Zirconium . . . 

Helion 

Arc (carbon) . . . 
Arc rflaming) . . . 
Mercury vapor tube 
Vacuum tube . . . 
Sun 



LaminoaB 

BfAdCDcy 

Per cent. 



o 

o 

1-2 

2-3 
2-3 
3-5 
3-6 
5-7 



10-12 

12-15 or more 

30-40 

20-40 

34 



WattBper 
CADdie 
power. 



85 

57 
68 

• • • 

3-5 
1 .2-2 

2.5 

I-/ 
1.9 

1-2 

I 

I 

0.5-1 -5 
o . 12-0 .25 

0.25-0.5 
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Units of Light and Illumination. A, light source obviously 
produces a certain quarUity of light at a definite inlensiiy, 
although this intensity may not be the same in all directions. 
An incandescent lamp viewed In a plane perpendicular to its 
axis and passing through the middle of the fdament loop ivill 
yield its maximum inten.sity. Through the tip about one-half 
this is delivered, and through the base practically none. A 
vacuum tube lamp produces a light of much lower intensity 
than the arc lamp, hence it is necessary to use a long tube of 
rather large diameter to produce the same quantity of light as 
would be produced in a very small space by the arc. 

The standard of intensity and of quantity of illumination is 
the light from the hefner burner of specified dimensions, burn- 
ing amyl acetate gas. Fonnerly a standard candle, consum- 
ing a certain quantity of wax per minute, was used for refer- 
ence and from this practice the expression candle power has 
become firmly fixed in this country although the candle has 
long since been replaced by the hefner standard. The hefner 
unit is 88 per Cent of the standard candle power. A hefner or 
a candle power is the intensity of illumination produced bv 
one of these standards in a horizontal direction. If a standard 
candle gave out its maximum intensity in all directions the 
quantity of this light would be a spherical candle power. 
This is the standard of quantity in tliis country.* The in- 
tensity of illumination produced upon a surface one foot in a 
horizontal direction from a standard candle, is a candle-foot or 
foot-candle; upon other surfaces the intensity of illumination 
is inversely as the square of the distance from the light source. 
These surfaces are considered as normal to the direction 
of the light rays. In calculating the intensity of illumi- 

* The French unit, is the quantity produced by one hefner in a solid 
angle which subtends a square meter at a meter distance. It is called a 
lumen. The intensity o( illumination produced bv a lumen, ut one 
owter distance from Ih^ source, is a lux. One spherical candle power is 
equal to 4» -i- .88 or 14-3 lumens. 
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nation at any point the effect of all contributing light sources 
must be added. Fig. 160 is an illumination chart plotted for 
a room and sho\i'ing the intensity in all parts of a given level 
produced b^* light sources located as shown. 




Fio. 160. Chart of illumination of r(K)m by four li^ht sources at a piano 
30 inches from floor. Figures indicate candle feet. 

Electric Heating 

Qosely allied with electric Iij2;hting is the production of heat 
for cooking, room warming, and for nictalhirgical i)urposes. 
Electrically produced heat is convenient, cleanly and efficient 
as far as the transformation fn^n the electric circuit is con- 
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cemed. The efficiency of this transformation is lOO per cent. 
For most purposes the electrical energy is too expensive to 
render heat production practicable by this means. For 
examplcj suppose that a cubic foot of water is to be raised to 
boiling temperature from 6o° F, Assuming the weight of the 
water at 62.55 pounds the number of B. T, U, required is 
9477. Each B. T. U. is equivalent to 778 foot-pounds and the 
total energy represented is 7,373,000. One k. w. hour is 
equivalent to 2,654,000 foot-pounds, hence to heat the water 
will require 2.77 k. w. hours. If the price of electrical energy 
is 10 cents per k. w. hour, an average figure for residence ser- 
vice, the cost wil be 27.7 cents if all of the heat goes into the 
water and there is no radiation. A pound of coal worth a 
quarter cent, will produce 10,000 B. T. U., and if efficiently 
burned would produce the retiuircd heat. Even allowing as 
low an efficiency as 25 per cent for the combustion, the total 
cost of heating the water is but one cent. This illustrates the 
status of electric heating from the standpoinfof expense. 

In spite of the great cost, electric heat is used to an in- 
creasing extent. The heat is produced in all cases by the 
passage of the current through a high resistance. This may be 
in a wire of resistance alloy, in a liquid or fused sohd or in 
carbon. 

Applications of Electric Heating. For cooking and room 
■warming the usual heater is a coil of wire of iron or of gennan 
silver or other alloy. If the temperature to be produced is 
very high the wire may be immersed in refractory material to 
exclude air and prevent oxidization. The coils are arranged 
to deliver the heat without loss to the body to be heated, as 
all radiation must be prevented to maintain a high efficiency. 
Electric cooldng on* a large scale is carried on at Niagara Falls 
where electric energy is cheap, and where the cleanliness and 
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convenience obtained compensate for the cost. Electric car 
warming is generally practiced in cities on account of the 
simplicity of operation. This practice is being discontinued 
in many instances and hot water warming substituted to obtain 
greater economy. 

For welding, a most important application of electric heat, 
the resistance is produced by the imperfect contact of the two 
metal surfaces which are to be joined. WTien the wielding 
temperature has been reached the surfaces are pressed firmly 
together and an excellent w^eld results. This method is used 
in the manufacture of wagon tires, bucket and barrel hoops, 
etc., and in attaching fish plates to rails in electric railw^ay 
work. 

For metallurgical purposes the heat due to the passage of a 
current between carbon terminals gives a source of very high 
temperature for melting refractory materials. In these elec- 
tric furnaces the arc is surrounded by a fire clay and the heat 
is concentrated as desired. In the manufacture of aluminum 
a bath of fused crj^olite is maintained at the necessary temper- 
ature by the flow of current against the resistance of the 
cr\'olite and the contact resistance between the carbon elec- 
trodes and the crj^olite. In the carbonmdum furnace the 
resistance is contained in the carbon of the core. 

For surgical work, platinum wires, heated by the current, 
are useful for cauterizing wounds and other similar purposes. 



CHAPTER XII. 
ELECTRICAL MEASUREMENTS. 

Instrutnents for Measuring Current. — The electro-dynamometer with 
torsion control — The electro-dynamometer with gravity control 
— Portable electro- dynamometers — Shunts for electro-dynamo- 
meter ammeters — Permanent magnet ammeters — Movable magnet 
ammeters — Movable coil permanent magnet anmieters — Soft core 
ammeters. 

Coil and plunger ammeters — Ammeters with rotating soft iron 
cores. 

Instruments for Measuring Quantity. 

Instruments for Measuring e. m. f. — Electrostatic voltmeters — High 
resistance ammeter voltmeters : — Hot wire voltmeters. 

Instruments for Measuring Power. 

Instruments for Measuring Energy. — Commutator motor meters — 
Induction motor meters. 

Special Instruments. — Frequency indicators — Power factor indicators. 

Electrical instruments are required for a number of different 
purposes in connection with an electrical plant, (i) Upon 
the consumer's premises an energy or a quantity meter must 
be installed to indicate the monthly consumption. (2) Simi- 
lar meters are rcquiied in the power plant to measure the 
total amount of energ\' generated. (3) In the ' power plant 
ammeters, voltmeters, wattmeters, etc., are needed for the 
proper disposition of the load among the machines. (4) Stand- 
ard instruments are necessary for checking or calibrating the 
operating instruments. 

The important electrical quantities of which measurement 
is necessary' are: (l) current, (2) quantity, (3) e. m. f., (4) 
power, (5) energy, (6) frequency, and (7) power factor. 

33^ 
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Instruments for Measuring Current. 

The instruments used for the measurement of direct and 
alternating current ma^^ be divided roughly into three general 
classes : 

1. Those using the mechanical reaction between two coils 
carrying current as the source of the deflecting force. These 
instruments are equally applicable to either direct or alter- 
nating currents but are particularly well adapted for the 
latter. Such instruments are known as electro-dynamometers. 

2. Those using the mechanical reaction between a perma- 
nent magnet and a coil canying current, either the coil or the 
magnet being movable. As the field of the permanent mag- 
net is fixed, this class of instrument is only useful for measur- 
ing direct currents. 

3. Those employing a coil carrying current and a soft iron 
core, forming a combination which can be used either for 
direct or alternating current measurements. 

The Electro-Dynamometer with Torsion Control. The elec- 
tro-d\Tiamometer, when constructed for the measurement of 
current, is made up of two coils connected in series, one being 
fixed and the other movable. The movable coil, which usu- 
ally is wound with the smaller number of turns, surrounds the 
fixed coil and rotates about its axis. In the noniial or zero 
position, the plane of the movable coil is jx^q^endicular to that 
of the fixed coil. The current is carried into the movable coil 
through mercury cups into which the tcmiinals dip. \\'hen 
current is passed through the two coils in series the mechanical 
reaction of one on the other tends to rotate the movable coil 
into the plane of the fixed coil, this tendency beinp; resisted by 
a spring, the function of which is to restore the movable coil 
to its original position. The spring is attached at its upper 
end to a torsion head arranged with pointer and scale so that 
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the amount of twist given to the spring to produce the force 
necessary to restore the movable coil to its original pKtsition 
can be readily measured. Fig, l6i shows a convenient and 
poptdar form of elect ro-djTiamometer. 

In this instrument when equilibrium has been established 
by twisting the torsion head, with the movable coil in a plane 




u 



Fic, 161. View and diagram of the Sieracn's electro-dynamometer. 

normal to that of the fixed coil, there are two rotative forces 
balanced against each other: 

1. The deflecting force due to the current and proportional 
to its square, the force being produced by the same current in 
both coils. 

2. The restoring force due to the twisting of the spring 
throuf;h an angle which is directly proportional to the force 
produced. 

From (i) and (2) it follows that the current, as measured 
by the angle of torsion of the spring, is proportional to the 
square root of that angle, or that the angle of torsion is pro- 
portional to the square of the current. 

If tu is the angle of torsional deflection, and fe is a constant, 
the torsional deflection due to one unit of direct current and 
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obtained by comparison with a direct current standard such 
as a silver voltameter, then 

I = kJ, 

WTien calibrated by means of a direct current, as all alter- 
nating current instruments must be fundamentalh% the elec- 
tro-djTiamometer is correct without further adjustment for use 
as an alternating current instrument, as is evident from a 
consideration of the following facts: 

1 . The direction of the rotative tendency of the movable 
coil is independent of the direction of the current in the coils 
because the current reverses direction in both at the same 
time. 

2. The turning moment of the movable coil is proportional 
to the square of the current. 

The movable coil, through its property of inertia, mechan- 
ically integrates the impulses received from the alternating 
current, and hence averages the square of the instantaneous 
values of the current so that the square root of the deflecting 
force necessary to hold the movable coil in its zero position is 
proportional to the effective value of the current, which is, 
by definitien, the square root of the mean of the squares of 
the instantaneous values. 

Summary: The electro-dynamometer may be used for the 
determination of the effective value of an alternating current of 
any wave form when it has been calibrated by reference to a 
direct current standard. 

The Electro-Dynamometer with Gravity Control. Another 
instrument utilizing the general principle of the interaction of 
two currents or of the same current on itself, is known as the 
Kelvin (or Thomson) balance. (See Fig. 162.) No torsion is 
used in this case, but the attraction which results from the 
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tendency of two coils in parallel planes to shorten the length 
of the magnetic circuit about them is utilized, and this attrac- 
tion is weighed. The scale arm is cahbrated so that the plac- 
ing of a weight at a particular place indicates a certain current. 
As gravity alone is depended upon to supply the restorative 
force there can be no deterioration in this type of instrument 
after calibration and it is therefore a great favorite in stand- 
ardization laboratories. It is not portable and hence is not a 
commercial form of instrument. 




Portable Electro-Dynamometers. When the electro-dj-naTno- 
metcr principle is to be used in producing an ammeter of 
portable form, the torsion head is not ordinarily used, but the 
movable coil is allowed to deflect against the resistance of 
coiled springs and a direct reading instrument is thus pro- 
duced. The deflections bear no definite relation to the current, 
for the relative positions of the two coils, movable and fixed, 
are changed as soon as the slightest deflection is made. The 
current is supplied to the movable coil through the control 
springs as the mercury contacts cannot be used in a portable 
instrument. These instruments are calibrated over the entire 
length of the scale instead of being standardized by the deter- 
mination of one constant. After calibration they keep their 
accuracy for a long time, the only parts subject to deterioration 
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being the springs and the bearings. A number of satisfactory 
commercial forms of alternating current ammeter using the 
electro-d\Tiamometer principle are upon the market. 

Shunts for Electro-Dynamometer Ammeters. It is evident 
that the springs of a portable d\'namometer-tyj)e ammeter 
cannot be made large enough to carry anything but the smallest 
currents and at the same time have sufficient flexibility to 
render the control sufficiently sensitive. To avoid this diffi- 
culty it is customary- to send but a part of the current through 
the movable coil, the major part being allowed to pass through 
a resistance so adjusted as to deflect or " shunt " the desia*d 
proportion through the movable coil. This resistance is often 
and properly called the " shunt.'* The greatest care is taken 
in selecting the material of the deflecting resistance or shunt 
so that the temperature change due to variation of the current 
will not alter the resistance seriously. Metal with a temper- 
ature coefficient made low as possible is used. Fig. 163 



Line 




Fig. 163. Diagram showinj; the principle of llu- iiminoter *• shunt." 

shows the shunt principle which is a useful one in many kinds 
of electrical measurements. If the measuring instrument, 
having a resistance R, is connected to two points between 
which there is a resistance r, the current will divide in the 

proportion - • The exactness of this division depends upon 

r 

several factors. 
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1. The equality of temperature coefficients of shunt and 
instrument. If the resistance of the shimt increases more or 
less than that of the instrument with a given rise in temper- 
ature, the division of current will be proportionately changed. 

2. The resistance of the contacts between the shunt and the 
instrument leads. This resistance is made low by careful 
construction, and the instrument is calibrated in connection 
with the leads which are to be used with it. The resistance 
of leads and contacts is made as small as possible in proportion 
to that of the instrument. 




Fig. 164. A commercial form of ammeter shunt. 

In Fig. 164 is shown a commercial form of instrument shunt. 
Several shunts mav be used with the same instrument and 
its range may thus be greatly increased. One ammeter may be 
used in this way with currents varying from a fraction of one 
ampere to several thousand amperes. 

Permanent Magnet Ammeters. One of the earliest forms of 
ammeter was that employing the reaction of a current on a 
peniiancnt magnetic field as the source of a deflecting force 
bearing some relation to the current. Either the coil or the 
pennanent magnet may be movable, and the choice of one or 
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the other plan leads to an instrument of marked characteristic 
properties, each type having itsoun inherent advantages. 

Movable Magnet Ammeters. A small but highW magnetized 
bar magnet is very sensitive to the influence of the magnetic 
field produced by a current flowing through a coil. A short, 
wide magnet of lozenge form, pivoted in the center of a C3'lin- 
drical coil with wire so disposed as to concentrate a strong field 
at its center, is a combination which produces fairl3' uniform 
deflections over a considerable part of the scale. The magnet 
is usually spring-controlled and the direction of the field at the 
zero position of a pointer attached to the magnet is perpen- 
dicular to the axis of the coil. The action of current in the 
coil is to draw the magnet toward the axis of the coil. 

The instrument just described is an outgrowth of the familiar 
tangent and sine galvanometers which are accurate for the 
absolute determination of the value of a current. In these 
galvanometers the proportions of coil and magnet are such 
that the latter is subjected to certain determinable forces 
under the action of currents. In order to obtain reasonable 
accuracy the construction is such as to debar the galvano- 
meters from the portable or even the semi-portable class. 

Among the good qualities of the movable magnet ammeter 
may be mentioned the following: 

1. Sensitiveness. As no current is carried through the con- 
trol springs there is no need to make these larger than is 
necessary for control of the moving system. The deflecting 
force may be made as large as is desirable by increasing the 
number of turns, and thus the magneto-motive force, of the 
fixed coil. 

2. Simplicity, As there are few and cheap parts the cost 
of instruments of this class can be kept low. 

The limited popularity of instruments of the type described 
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is largely due to the tendency of the bar magnet to lose its 
magneto-iuotivc force. This defect offsets its numerous 
inherent advantages over more complicated instruiiieiits. 
The needle is subjected to large counter magneto-niotue 
forces from the coil, which tend in time to weaken that of the 
movable magnet, and hence frequent calibration of the instru- 
ment is necessary. As anuueters are in circuit constantly 
this counter magneto-motive force is always acting. A 
second point is that, on account of the inertia of the system, 
the vibrations of the moving parts render difficult the read- 
ing of the deflections, especially when the current varies greatly 
as is the case in many classes of work. 

Movable Coil, Permanent Magnet Ammeters. The D'Arson- 
val galvanometer is the simplest fonn of instrument in which 
a coil is deflected by the current in a (lermanent magnetic field. 
The instrument, as adapted to commercial conditions, is shown 
in Fig. 165, and consists of a jiermanent bar magnet of U-form 




1 6;. Section o£ the principal parts of the Weston a 
ified D'Arsonval galvE 



embracing between its poles a fixed cylindrical core of soft iron. 
The space between the poles and the core is just sufficient to 
allow a thin coil, which surrounds the core, to move freely. 
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In the laboratory form the coil is suspended vertically with its 
plane coinciding with that of the permanent magnet, by means 
of wires which control its position and at the same time con- 
duct the current to and from the coil. The galvanometer is 
verj" sensitive and has the important property of damping the 
inertia vibrations by means of the eddy currents generated in 
the poles and the core. The permanent magnet is so lai^e that 
its magneto-motive force is not seriously affected by that of the 
coil. This fact, combined with the artificial " aging" of the per- 
manent magnet as now practiced by instrument makers, gives a 
verj- satisfactory degree of permanence to the magnetic field. 

The commercial forms of the D'Arsonval galvanometer are 
modified in order to make the instrument portable. The 
torsional control is replaced bj- spring control, the support of 



Fig. 166. View of the Weston ammeter, showiriR shunt enclosed 



the movable coil being provided by jewelled jiivot bearings. 
For convenience in placinp the control magnet the a.xis of the 
coil is placed perpendicular to the jilane of the magnet. 

In addition to the advaTitagos already cited, should be 
mentioned the uniformity of the deflections which are directly 
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proportional to the current in the commercial instrument. 
They have what is known as a " straight line law." The 
property of damping out the vibrations of the coil is increased 
by surrounding it with a copper cylinder, in which much 
larger eddy currents are generated than in the comparatively 
high resistance poles and core. The instrument shown in Fig. 
l66 is a modem commercial form of ammeter using the prin- 
ciple of the D'Arsonval galvanometer. As in the case of the 
electro-dynamometer ammeter, but a small part of the current 
can be sent through the movable coil. The deflecting resist- 
ance is placed in the same case with the instrument, where the 
current to be measured i.s small, but for ver\- large currents it 
is placed in any convenient locality on the switchboard, 
while the instrument proper is connected with it by means of 
small wires. As these wires form part of the shunt circuit their 
resistance must be considered in calibrating the instrument. 

Soft Core Ammeters. The mechanical reaction between a 
current and a mass of magnetic material is utilized in a variety 
of ways in ammeter constmction. An instrument based on 
this principle can be used for either alternating or direct cur- 
rent measurement. The underlying principle of this fonn 
of ammeter is that the various parts of a magnetic circuit 
tend to arrange themselves so that the reluctance of the 
circuit shall be a minimum, which follows naturally from 
the inherent tension of the magnetic field. The application 
of the principle leads to the development of apparently radi- 
cally different types of commercial ammeter, but the same 
fundamental facts apply to all, The.'^ types may be classed 
under two general heads: 

1. Those in which the core is drawn into a cylindrical coil. 

2. Those in which the core is placed eccentric with the coil, 
the two axes being in the same line. 
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Coil and Plunger Ammeters. The simplest possible form of 
ammeter and one of the earliest is that in which a soft iron 
plunger is dra^^n into a coil. The heating of the core by eddy 
currents is minimized by making it of a bundle of fine wires, 
and the hysteresis loss is made as small as possible b\' using 
the best material. The core and coil are so related that the 
deflections are as nearly proportional to the current as possible. 
There is the least reluctance in the magnetic circuit of this 
combination when the plunger or core is sj^mmetrically located 
with respect to the coil, but the force drawing it into the coil 
is very small as this position is approached. It is also small 
when the core is far from this position. There is, therefore, a 
certain range over which the deflections per unit of current are 
maximum, and it is in this region that the instrument is useful. 
The best instruments of this typ)e use gravity control. This 
is permanent and for many purposes convenient. Practically 
all of the coil and plunger ammeters are switchboard instru- 
ments and they are not portable, as the gravity' control neces- 
sitates careful levelling. 

Various plans have been introduced for making the core 
and plunger ammeter portable, the simplest being the sub- 
stitution of springs for the gravity control. This type has, 
however, been largely superseded by other forms even for 
switchboard use. 

Ammeters with Rotating Soft Iron Cons. The coil and 
plunger type of ammeter is accurate and inexpensive, but it 
lacks portability. In order to combine all of these desirable 
features various rotating core instruments have been devised, 
employing the same general principle as that of all soft core 
instruments, that is, the reduction of the reluctance of the 
magnetic circuit. A piece of soft iron located within and 
movable with respect to a solenoid will tend to take a position 
in which the total reluctance of the magnetic circuit is mini- 
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mum. An illustration of this principle is shown in Fig. 167. 
The current-carrying coil is inclined to the axis of rotation of 
a thin, flat, soft iron core. At the zero position of the pointer 




Fig. 167. View of the Thomson inclined coil, soft o 

the core, which is also inclined to its axis, lies approximately in 
the plane of the coil. This is the position in which its reluctance 
is maxitnuin. The relative positions of core and coil are so 
arranged that when the pointer has reached the limit of the 
scale the core lies approximately in the axis of the coil, in 
which position it improves the reluctance of the circuit to the 
maximum extent. The deflections per ampere in this instru- 
ment are not uniform, but are proportionately large near the 
center of the scale. 

Instruments for Measuring; Quantity. 

By definition, electrical quantity is the product of current 
and time, that is, it is proportional to the average current and 
to its duration. Any instrument, the action of which is pro- 
portional to the current and which allows the result of this 
action to accumulate, will prove a satisfactory quantity meas- 
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uring de\nce. For example, tbe electrohtic effect of the 
current fulfills the requirements mentioned. The rate of 
electrolytic action is proportional to the current, and if the 
material deposited at the cathode be collected and weighed 
it will give a quantity proportional to the product of the 
average current and the time. Thij^ form of meter was in 
extensive use for measuring the quantity of electricity fur- 
nished for incandescent lighting pun>jses at constant pressure 
and with direct current until it was displaced by the more 
convenient devices now in use. 

A combination of anode, cathode and electrohte arranged 
for measuring purposes is kno^-n as a voltameter. This 
in one form, the silver voltameter, is referred to in the 
definition of the unit of current. The anode is of the 
metal which is to be deposited, and the cathode is 
preferably of platinum for calibrating purfxjses on account 
of the absence of oxidization and of the ease of cleaning. 
The electrohte mav be of a sr>lution of ahiiost anv salt 
of the metal to be deposited, but it is found that for silver 
the nitrate is preferred, while the sulphates are best when 
depositing copi>er antl zinc. 

Although the voltameter is not in common use at the present 
time for commercial measurements, it still remains the most 
convenient means for the calibration of direct reading instru- 
ments. Ammeters can be calibrated ])y obtaining an average 
of deflections over an extended period, at least a half-hour, and 
comparing this with the averajre current indicated by dividing 
the total amount of metal deposited in the voltameter, by the 
time and by a constant, the weipht deposited by unit quantity 
of electricity. The rate of deposition of metals corresponding 
to a given current is ver>' constant with standard conditions 
of current density, temperature of solution and of method of 
manipulation. Silver, copper and zinc are useful for calibrating 
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purposes, the first named being the most reliable and most 
easily handled. 

The electric motor, in one form or another, lends itself 
readily to quantity measurement. The armature of the motor, 
when operating in a magnetic field of constant strength is 
subjected to a turning force which is proportional to the cur- 
rent. By means of a magnetic or mechanical brake the speed 
of rotation of the armature is made directly proportional to the 
current and the total number of revolutions is a measure of 
the quantity. Coulomb-meters are not in general use in 
this country, as energy meters are considered preferable for 
all practical purposes. 

Instruments for Measuring e. m. f. 

In general there are two principles employed in e. m. f. 
measuring instruments. The first is the mechanical attraction 
between electrically charged bodies, and instruments employ- 
ing these attractions are known as electrostatic instruments. 
The other class of voltmeters are simply ammeters of very 
high resistance and having auxiliary rejsistance so that the 
current drawn from the circuit will be negligible in amoimt. 

Electrostatic Voltmeters. These operate like a quadrant 
electrometer except that they are arranged mechanically so 
that a deflection will be produced without the rotation of the 
torsion head usually employed in laboratory apparatus. An 
example of such an instrument is shown in Fig. i68. This 
is a ground detector arranged for permanent connection 
between the two wires and the ground to indicate the presence 
of a " ground " on the line. The scale is calibrated to read 
in volts as an indication of the severity of the ground. A full 
deflection of the pointer indicates a ground of fairly low 
resistance, while a partial deflection is evidence of a very high 
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resistance between the wire and the ground. The ground 
detector is the principal application of the electrostatic volt- 
meter in commercial practice in this countr>\ As shown in 
Fig. i68, the instrument consists of four pairs of metal quad- 
rants, the lower two of which are connected together and 




Gn>un<l 

Fig. 1 68. The electrostatic voltmeter arranged as a ground detector. 



grounded. Each of the upper pairs is connected to one line 
wire, either direct or through a high resistance. When a 
ground occurs there exists a difference of potential between 
the normally grounded quadrants and the (juadrant connected 
to the ungrounded line wire. The vane tends to take a posi- 
tion in which the capacity of the instrument is maximum, 
which is when the vane is directly under the (juadrants. In 
the single-vane form of instrument described, the electrostatic 
voltmeter is adapted only to ver>' hi^h pressures, from looo 
volts upward. It operates equally well on alternating and 
direct current. When it is desired to use the electrostatic 
principle in low voltage instruments a number of vanes 
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and sets of quadrants must be employed. The resulting instru- 
ment is known as a multi-cellular electrostatic voltmeter. 

High Resistance Ammeter Voltmeters. Any one of the in- 
struments described as an ammeter will be equally satisfactory 
as a voltmeter w^hen the resistance is made sufficiently high 
so that only a small amount of current is drawn from the line. 
This resistance is partly in the instrument windings and partly 
in a series resistance winding located either inside or outside 
the case. WTien located outside the case the resistance is 
known as a multiplier. Usually these voltmeters are arranged 
with several resistances so that one deflecting part may be 
used on two or more voltages. For example, one standard 
form of instrument may be used on 15 volts, 150 volts, or 
600 volts. Standard voltmeters may be purchased for any 
range and for several combinations of range in the same case. 

The resistance of voltmeters should be as high as possible 
in order that they maj'^ remain cool when connected contin- 
uously in circuit and that the amount of power absorbed 
may not be sufficient to produce a serious loss. A 6oo-volt 
voltmeter may have a resistance as high as 75,000 ohms, a 150- 
volt voltmeter 16,000 and other ranges in proportion. With 
this amount of resistance the current drawn is not appreciable. 
The indicating instruments described for measuring current in 
combination with shunts are essentially voltmeters as they 
draw a verj^ small proportion of the line current, the major 
proportion flowing through the shunt. The instrument is 
usually known as a milli-voltTneter and it is useful for many 
purposes. When connected across a shunt it gives a reading 
proportional to the current in the line. When connected in 
series with a resistance it may be used as a high reading volt- 
meter. In practice the indicating parts of voltmeters and 
ammeters are substantially the same. 
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Hot Wire Instruments. 

The expansion of a wire when heated by the passage of a 
current is utilized in some instruments for measuring cur- 
rent. At one time voltmeters employing this principle were 
very generally used for alternating current work but they 
have been largely superseded by the ones described. The 
expansion of the wires causes a certain amount of slack which 
is taken up by a spring. The motion of this spring is trans- 
mitted to an indicating pointer throujdi a small drumx>ver which 
a cord passes. In some ways the hot wire voltmeter is a desir- 
able instrument. There is no reactance because the wire is 
not formed into coils. It is not sensitive to rapid fluctuations 
in the current and hence gives a steady deflection. Instru- 
ments A^dth this quality are frequently called " dead beat." 

Instruments for Measuring Power. 

The wattmeter is obviously an instrument in which the 
deflection is proportional both to the current and the c. m. f. 
The electro-dvnamometer is the l>est form of instrument for 
measuring power. If the current in the movable coil is made 
proportional to the e. m. f. b\' inserting a large resistance 
in series with it and connectinj^ it across the line, and, if the 
fixed coils carry the line current, the angle of tprsion of the 
torsion head will be proportional to the product of the current 
and e. m. f. This form of instrument is not [)racticable for 
commercial use and as in the case of the ammeter electro- 
dynamometer, the moving coil deflects against the resistance of 
a spring, the scale being calibrated by reference to a standard. 

Any other form of instrument in which the field can be 
made proportional to the current and the current which 
reacts against this is proportional to the e. m. f. will be a satis- 
factory wattmeter. 
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Instruments for Measuring Energy. 

By far the most important of all instruments for practical 
commercial use are those which are used for measuring energy. 
These are placed upon the premises of all customers, and bills 
are based upon the readings. Energy meters are also placed 
on switchboards in power stations for the purpose of metering 
the total amount of energy generated so that an estimate of 
its cost may be made. Practically all energy meters (or 
watt-hour meters as they are called) are forms of electric 
motor adapted to the variety of energy to be measured. For 
direct current purposes the commutator motor is mostly used, 
and this is also well adapted to the measurement of alternat- 
ing current energy. Usually for the latter a small form of 
induction motor is used on account of its greater simplicity. 

Commutator Motor Meters. The standard form of commu- 
tator motor meter is shown in Fig. 169. The field is pro- 
duced by the coils C which are connected in series with the 
line. The field is maintained perfectly uniform by the use of 
two coils separated by a small space which serves also to 
admit the axle of the mo^nng part. The armature .4, con- 
nected in series with the resistance R, across the line, carries a 
current which is proportional to the e. m. f. This armature 
is wound upon a light non-magnetic form to avoid inductance 
so that it may be used either with direct or alternating cur- 
rents. The armature is mounted upon the axle S, and the 
current passes through a commutator as in all direct current 
motors, the commutator in this case being made of silver to 
prevent oxidation. The extra winding R, is placed around 
the armature and is connected in series with it for the purpose 
of producing a weak field sufficient to overcome the effect of 
friction. The motion of the armature is resisted by an elec- 
tro-magnetic brake located at the bottom of the case. Perma- 
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bearings PP. hollowed out x<t admit tht '.',u\.-A tiid-, i>f the 
axle. The reAoluticjns of the armature art rt' /jr'k-'l by means 
of a norm ^ar IT uprm a train of diaK. Tht v.alci of tht-sc 
dials are adjusted to >uit the ran:;e of j^iwer cxi»e'tcd in tht 
circuit. Odinarily fme tompltte rivol-^r:on of tht riuht 
hand dial corresrwnds to 10 k, w, hoyr-. or to i k, w, hour. 
In the fipure, one revol-jtion of the n^'ht h:ji,'i dial torres[ionds 
to one k. w. hour. 

Induction Motor Meters, For alternating current work a 
special form of sinKle-fihai*,- iinln'tion motor may be employed. 
The rotating part is a disk or fhell of metal, preferably 
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aluminum. The rotating field is produced by two coils, i 
of which carries the line current and the other a current pro- 
portional to the e. ra. f. These coils are displaced from each 
other by an angle, say 45°, and the phase position of the cur- 
rent is also displaced by windings of different reactances, 
That is, if one coil has largely resistance and the other largely 
reactance they will carry currents differing by an angle 
between zero and 90 degrees, say 45°. The combination of 
these currents produces a rotating field which induces eddy 
currents in the moving part. The braking devices and the 
recording mechanism are the same as in the commutator 
motor already described. 

Special Instruments. 

In station practice it is desirable to have upon the switch- 
boards instruments which will indicate the frequency and 
power factor of the current. The general principle of such 
instruments is that of the production of a rotating field by 
means of two mechanically displaced coils canying electrically 
displaced currents. This principle may be illustrated by 
reference to a typical frequencj' meter. Suppose that the 
induction motor energj' meter described above had its moving 
part restrained by a spring If a pointer Ik- attached to the 
axle and allowed to move over a scale it will indicate the force 
with which the axle tends to revolve. The degree to which 
the field will tend to rotate will depend upon the phase dis- 
placement of the currents in the two coils. If the winding 
of one coil be made of high resistance and the other of large 
inductance, the phase displacement of the currents will depend 
upon the frequency. If the frequency be zero the two cur- 
rents will be in phase. As the frequency increases the reac- 
tance of the inductive circuit increases and its current lags 
farther behind the e. m. f. In the resistance circuit the cur- 
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rent is always in phase with the e. ni. f. Thus as the frequency 
increases there is a stronger rotating field which produces 
increased torque upon the movable secondary and deflects it 
farther. The scale when properly calibrated will indicate the 
frequency of the current in the circuit. 

The power factor indicator contains two windings, one con- 
nected in series, the other in parallel with the line. In one 
form of instrument for polyphase circuits the windings are 
connected as those of the primary'' of an induction motor. 
Each winding produces a rotating field, and the torque is zero 
when the current and e. m. f. are in phase, that is, when the 
power factor is unity. As the phase position of the current 
and e. m. f. are displaced, a torque bearinj^c a definite relation 
to the phase displacement is produced. 



CHAPTER XIII. 
THE TRANSMISSION OF INTELLIGENCE. 

Outline. 
Telegraphy: Simplex — Duplex — Quadruplex — Receiving and Printing 

Devices — Automatic Systems — Wireless Telegraphy. 
Telephony: The Transmitter — The Receiver — The Ringer — The 

Subscriber's Station — The Central Office — Distributing Circuits — 

Wireless Telephony. 

As suggested in the introduction, it is possible to transmit 
signals or speech to a great distance by means of the electric 
current. At the present time the telegraph is worked over 
distances greater than three thousand miles, and the tele- 
phone over distances greater than one thousand miles. Intelli- 
gence may be transmitted by: 

(a) Telegraph\% with or without wires. 

(6) Telephon3% with and without wires. 

(c) Combinations of telegraphy and telephony. 

Telegraphy. 

Simplex Telegraphy, used on lines over which the num- 
ber of messages to be transmitted is not very great, 
has been briefly described on page 12. Messages are trans- 
mitted in this system by depressing a key, and thereby clos- 
ing an electric circuit for intervals of greater or less duration. 
The short interval is termed a " dot " and the long interval 
a " dash,'' the latter being about three times as long as the 
former. Combinations of dots and dashes produce the letters 
of the alphabet, in accordance with a code designed by Pro- 
fessor Morse and known therefore as the Morse alphabet. 

352 
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This alphabet is the one in general use in this countn- for land 
telegraph\% and it is also used in modified form for ocean 
telegraphy. 

In the closed circuit system illustrated in Fig. 10, page 12, 
the keys and relays are connected in series with the line, each 
key being normall\^ short-circuited by a s\\*itch when not in 
use. WTien the operator desires to use the line, the key 
switch is opened, and signals are produced bj' means of the 
lever, which makes and breaks a contact. The relaj's are of 
high resistance due to the manj' turns of fine wire with which 
they are wound so that the amount of current required on the 
line is not great. A relay resistance of 150 ohms or higher is 
not imusual. In the closed circuit system all of the relavs on 
the circuit operate at the same time, and the lines can be used 
for. the transmission of a message by but one operator at a 
time, hence the name simplex. The current necessarj' for the 
operation of the relaj's on a simplex line is supplied by storage 
battcr\^ or electrical generators located at the tenninal stations, 
which are usually in large cities. On account of insulation 
and other difficulties, it is impracticable to use an e. m. f. 
greater than 200 volts for simplex lines, and this only in the 
case of circuits several hundred miles in length. 

The receiving instnmients arc furnished with current from 
a local primary battcrj'', or in ver>' large offices from a storage 
battery or generator. The receiving instrument is usually a 
sounder, as illustrated in Fig. 10, page 12. The receiving 
operator takes the message from the sounder by ear and 
transcribes it either by hand or by typewriter. 

For special purposes where a record direct from the instru- 
ment is desired, some kind of a writing or prijiting instrument 
is used. The earliest practical form of telegraph receiver was 
the one developed by Morse in which a paper tape is drawn 
under a stylus, carried by the end of the annature lever of 
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the sounder. The paper is moved by a clock-work mechan- 
ism, and the stylus indents the paper with dashes or dots 
corresponding to the duration of the current in the circuit. 




Fic. 170. 

As the matter of receiving instruments is of the greatest 
importance, it is treated more fully on page 359 of this 
chapter. 

In simplex as well as in other lines the range of direct oper- 
ation is limited. Direct working can be carried on over a 
line about 400 miles in length in damp alimates, and over 
nearly a thousand miles in dry climates. Longer lines must 
be composed of a series of separate electric circuits inter- 
connected by means of repeaters. Each division is supplied 
with current from independent sources. The repeater is com- 
posed of two modified relays, not unlike the one shown in 
Fig. 10, except that the armature is supplied with both front 
and back contacts. The repeater must consist of two relays 

• This instrument is preserved in the Museum of Sibley College, 
Cornell University. 
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suitably interconnected, as it is necessarj'' to work the line 
in both directions. If the transmitting section of the line be 
connected to the solenoid terminals of*the relay, and the 
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Ground Ground 

Fig. 171. Simple Repeater Circuit operating in one direction only. 

contact terminals are connected with the recei\nng division 
of the line with fresh battery in circuit, as shown in Fig. 171, 
messages can be sent in one direction only. It is there- 
fore necessary to have a second repeater connected in the 
reverse direction. Fig. 172 shows complete repeater 
connections for a simplex line. Such an arrangement of 

Line Line 



Repeater 




Repeater 



Ground 



Ground 




Fig. 172. Diagram of Repeater Circuits showing the principles involved 

but omitting detail. 

.instruments is known as an atiio^natic repeater because 
it works without any attention. Messages are sometimes 
repeated by hand, especially where one central office is re- 
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quired to repeat from a long transmission line to a number of 
local lines. The New York Central Office of the Commercial 
Cable Company has* in operation from 500 to looo automatic 
repeaters, the function of which is to furnish fresh current for 
messages £?n route between the west and east, e.g., between 
Chicago and Boston. 



station A 




Duplex System. It is possible, by means of an invention 
known as the differentially-wound relay, to transmit messages 
in both directions over a line at the same time. The con- 
nections for this arrangement are shown by diagram in Fig. 
173. For simplicity the local sounder circuits are omitted 

from this diagram, and 5*1 and 
S2 represent the differentially 
wound relaxes. Current is sup- 
plied to these relays at the 
central points, so that if the 
current divides equalh' between 
the two halves of the winding 
the relaj" cores are not magne- 
tized. The general principle un- 
derlying this differential duplex 
system can be best understood 
by tracing out the connections 
with the various possible com- 
binations. From the hinges of 
the keys current passes through 
the relay solenoid^ by either or 
both of two paths. One is 
through the artificial resistance 
/?, or /?2 (either of which is 

• 

equal to the resistance of the line) to the earth. If the cunent 
divides equall}^ through the relay solenoid, the relay armature 







Earth 



Station B 



Fig. 173. Differential Duplex 
Telegraph Circuits. 
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will not be attracted. If for any reason it does not divide equally 
the relay will operate. Suppose that the operator at Station 
A, wishing to send a message to Station B depresses his key 
ATj. Current flows through batter\' B^ . through key K^ . through 
rela^'Sj, dividing between artificial resistance /?,. and the hne. 
The current which flows through the line energizes relay S, 
because it flows through but one half of its windings. The 
current then passes to earth through the back contact of key 
ATj. The sending operator hears nothing from his ow^l instru- 
ment, but he operates the instrument in Station B. The sending 
operator at Station A is able, therefore, to signal to the re- 
ceiving operator at Station B. * Suppose farther that the send- 
ing operator in Station B desires to transmit a message to the 
receiving operator in Station A, while the first message is going 
in the other direction. He depresses key K^, and if at the 
particular instant key AT, is not depressed the signal is trans- 
mitted through the line as before, but in the other direction. 
If both keys happen to be depressed at the same time, the 
batteries oppose each other in the line, and no current there- 
fore can flow through it. Current does, however, flow through 
the grounded sections of both relays as follows: From the 
batteries through the keys, through the relays, through the 
artificial resistance back to the batteries. The receiving 
instruments therefore are operated by the local batteries, l)ut 
the signals are transmitted as if two separate lines were 
used. This duplexing of the line results in a doubling of its 
efficiency, and at the present time any line is duplexed when 
there is sufficient business to warrant the employment of the 
extra operators. 

Lines may be duplexed by another method known as the 
Wheatstone or bridge duplex system. This is illustrated in 

* There must obviously be two operators at each station; one to re- 
ceive, and the other to transmit messages. 
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cssentiaSy diSierent from tfae diSexential dnplrr. Referring 
to tfae diagram, suppose that tiie operator at Statioo B 
depresses his key. The current will flow by two paths, one 
to earth through bridJa^-a^n D, and artificial resistance R^ 
the other through bridge-arm C, and Hne, and at Station A 
it will divide between bridge-arm B and the circuit ccmtain- 
ing the relay 5^. The relay at Station B will not be operated 
because there is no diflFerence of potentiaT between its ter- 
minals, the bridge-arms being so adjusted that this will be the 
case. 

Wlien lx>th keys are depressed at the same time the bat- 
teries opp<^>se each other in the line, as in the differential 
duplex, each relay then being operated by its own ciurent. 



Quadruplex Telegraphy. The efficiency- of a line may be 

iiirreased fourfold by transmitting two messages each way at 
the same time. This is possible by employing two distinct 
tyj^es of relay. One is the standard Morse relay, already 
rlescriberl, adjusted to operate with the current above a cer- 
tain minimum value. WTien current below this value is sent 



THE TRANSMISSION OF INTELLIGENCE. 359 

over the line the relay fails to respond. The second relay is 
of the " polarized " variety. Its armature is a permanent 
magnet, one pole being at the hinge, the other being free to 
play backward and forward between the poles of an electro- 
magnet. WTien current is sent through the coils of the relay 
in one direction, the armature is attracted to one pole, and when 
the current is reversed the annature is attracted to the other 
pole. The polarized rela\'' therefore responds to changes in 
the direction of the current. The annature of the standard 
Morse relay, which has a soft iron core, is attracted by a current 
in either direction. With these two types of relay it is possible 
to send two messages over the same wire at the same time, 
bj'' means of two transmitting ke\'s, one of which reverses the 
current, while the other changes the strength of the current. 
The line is duplexed by the bridge or differential sj'stem 
previously described. 

It should be understood that the above descriptions of tele- 
graph systems do not contain the details met with in practice. 
In order to insure rapid working, non-interference from other 
circuits, protection from lighting disturbances, and reliability, 
the use of numerous details is neccssars'. Tlic function of these 
can onh'^ be learned by practical experience. The systems 
described are t\'pical, and serve to point out the general prin- 
ciples involved. 

Receiving Devices. As already stated the original receiver 
used by Morse indented dots and dashes on a moving strip of 
paper. This instrument is known as the Morse register. It 
was found unnecessarj'^ in most cases to use the recording 
part of the register, as operators became skillful in interpreting 
the sounds made by it. The soiuidcr was, therefore, developed. 
Mention has also been made of the still older pith-ball, used 
in the electroscope receivers, which were supplanted bj' the 
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needle telegraph soon after Professor Oersted's discovery. 
The needle telegraph and the Morse register and sounder are 
still in common use, the fonner being well adapted to feeble 
currents, the latter to the strong currents in local circuits. 

A very delicate form of recording instrument was developed 
by Sir William Thomson (late Lord Kelvin) for use in con- 
nection with transmission over cables in which but a small 
current can be used. The name siphon recorder is given to 
this instrument. A coil of fine wire is suspended between the 
poles of a powerful electro-magnet, as in the D'Arsonval gal- 
vanometer. The line current passes through this coil, which 
is supported by a fiber suspension. The movements of the 
coil are transmitted by a thread to a capillar;' glass tube 
siphon, the upper end of which dips into an ink reser\"0!r. 
The other end of the tube plays over a moving paper tape. 
When current is sent through the movable coil in one direction 
or the other, the latter is correspondentlj- deflected and trans- 
mits its motion to the siphon, which produces a wavy line upon 
the tape. A current in one direction corresponds to the 
dash, and one in the other to the dot of the telegraph alphabet. 
In order to cause ink to flow through the capillary tube, it is 
electrified By connection to a small au-xiliary static machine. 

A modification of the Thomson siphon recorder is in use in 
many large telegraph offices in this country. It is known as 
the Cuttriss magnetic siphon recorder. The improvement 
consists in a device for rendering more certain the flow of 
ink. Attached to the lower end of the siphon is a small piece 
of soft iron, and under the paper tape is located an electro- 
magnet. The magnetic flu.x in this magnet is varied by 
means of a vibrator which opens and closes the solenoid cir- 
cuit. This is an arrangement somewhat like the mechanism 
of an electric bell comprising a solenoid, coimected in series 
with a battery, and an adjustable " make-and-break." The 
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armature of the vibrator has attached to it a glass tube partly 
filled with mercury, and connected by a rubber tube with a 
mercury reservoir. By means of an adjusting screw in this 
reservoir the amount of mercury in the vibrating glass tube 
can be varied, and its rate of vibration controlled. 

Printing Telegraph Systems. There is a certain demand for 
a telegraph record, which will be legible to any one not familiar 
with the Morse code. In reporting the stock quotations to 
brokers' offices this is especially important. The general 
principle of these " tickers *' is as follows : 

The transmitting apparatus sends a number of impulses 
corresponding to the number of letters of the alphabet; for a, 
one impulse; b, two; c, three, etc. The receiving apparatus 
comprises a rotating type wheel with a stcp-by-step mechanism 
for turning it through a definite angle corresponding to a par- 
ticular letter. This mechanism is either a pawl-and-ratchet, 
or an escapement similar to that of a watch or clock. The 
pawl-and-ratchet furnishes its own motive power, while the 
escapement requires a weijdit or spring. The paper tape is 
automatically pressed against the type wheel by an electro- 
magnet when the wheel has been rotated to the proper position. 

Automatic Systems. A number of high speed automatic 
systems have been devised for the purpose of increasing line 
efficiency by transmitting messages over sim[)lex or duplex 
lines at a rate many times as great as is possil^Ie by manual 
transmission. A number of such methods have been brought 
to perfection, and several are gradually coming into use. The 
details are complicated, and the general principle need only 
be outlined. The simplest systems employ a paper tape, 
which is perforated with holes on both sides of the center line. 
A hole on one side corresponds to a dash, while one on the 
other side corresponds to a dot. This tape may be perforated 
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by hand with the aid of a simple double key punch, or an 
automatic punch may be used. In the transmitter the tape 
is fed beneath a pair of metal contact fingers, so that the 
circuit is completed whenever a hole passes under one or 
other of the fingers, sending current to the line in the cor- 
responding direction. This reversing current may be made 
to operate any kind of a recorder which is sufficiently delicate 
to respond to its variations. 

For ver^" high speed work it is necessarv- to receive the mes- 
sages either upon a photographic plate or film, or upon a strip 
of chemically prepared paper. The latter by electrolysis, will 
be colored when the current passes through it. There is then 
no limit to the speed of the apparatus, except as set by the 
mechanical and the chemical properties of the instruments. 

Wireless Telegraphy. The discharge from an induction 
coil sets up electric waves, which radiate throughout space. 
These waves have the property of affecting the contact 
resistance of metal particles c)r of an electrolytic cell. The 
operation of wireless telegraphy consists, therefore, in send- 
ing out through space impidses of electro-magnetic waves, 
and receiving these upon sensitive arrangements involving 
the above- property. 

Fig. 175 shows in diagram a simple wireless telegraph 
circuit. 

It consists of two parts, the transmitting apparatus and 
the receiving apparatus. In the primarj- circuit of the induc- 
tion coil are a battery and a key. In this circuit there is the 
interrupter /, bridged across which is a condenser. When 
the key is depressed the current flows intennittently through 
the primary of the indiiction coil, and produces intermittent 
high frequency e. m. f. in its secondary-. Across the second- 
■ ary is the spark gap, which is adjusted to discharge when- 
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ever the key is depressed. One side of the spark gap is con- 
nected with an aerial wire, which is suspended in the air from 
considerable height. In verj' large stations this " aerial " 
takes the form of a great wire network. The other terminal 
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Fig. 175. Elements of a simple Wireless Telegrajjli Circuit. 

of the spark gap is grounded. Whenever the key is depressed, 
electro-magnetic waves emanate from the aerial throughout 
space. 

The waves are received on a second aerial which is grounded 
through the " coherer." The latter consists of a glass tube 
partly filled with fine nickel filings. In traversing these filings 
the waves greatly reduce the contact resistance between them. 
In parallel with the coherer is a battery and relay circuit. 
WTienever the resistance of the coherer is reduced, current 
flows through the circuit and operates the relay. Wlien the 
waves cease the coherer filings retain their low resistance 
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positions, and it is necessary to have a vibrating tapper to 
shake them loose. The secondary circuit of the relay is con- 
nected through a battery and sounder, or other receiving 
apparatus already described. With equipment of this kind 
modified in detail to suit various conditions messages may be 
transmitted hujidreds of miles. With more delicate appara- 
tus operated on the same principle the range of transmission 
may be extended to several thousand miles. 



The Telautograph. A devite invented by Prof. Eiisha Gray 
makes it possible to transmit handwriting over a distance of 
several miles. The apparatus consists of two parts, one for 
sending, the other for receiving. The sending operator writes 
with a stylus upon a strip of paper. Attached to the stj-lus 
are two arms having directions approximately at right angles. 
These arms rotate contact switches, and vary the resistance in 
two electric circuits. Each position of the stylus corresponds 
to a definite resistance in each circuit. The currents which 
flow through the lines are inversely proportional to the resist- 
ances. These currents are received in solenoids, which pro- 
duce upon their cores forces which are proportional to the 
currents. By means of a lever mechanism these cores operate 
a pencil, which exactly follows the motion of the sending 
stylus. The instrument contains numerous ingenious details 
for moving the paper, and for insuring rehability of 
operation. 

The field of apphcation of this instrument is rather limited. 
As a number of receiving instruments may be operated by one 
station, it is possible to secure autograph copies of orders, or 
of other important information, and this is in many cases very 
desirable. For example in a large establishment where it is 
desired to notify at the same time and in writing several depart- 
ments of the details of an order, it is possible to do this by 
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means of the telautograph. The goveniment has a large 
number of the instruments in operation. 

Telephony. 

The general principle underlying the transmission of speech 
is that a variation of current in a circuit ma}' be produced 
by a variation in the resistance. This, in telephony, is caused 
by the action of the sound waves upon a diaphragm, which 
controls the resistance. The essential parts of the telephone 

circuit are: 

(a) The transmitter, which contains the variable resist- 
ance. 

(b) The receiver, which reproduces the sound waves by 
means of a diaphragm, attracted by an electro-mag- 
net, which in turn is excited bv the variable current. 

In practice, several auxiliaries are found necessary to render 
the above device practicable. These are: 

(a) An induction coil, which is a small transformer for 
raising the pressure for transmission. This is neces- 
sary because the current in the transmitter circuit is 
too large, and the drop in e. m. f. across the variable 
resistance is too small for efficient transmission. 
(6) A switch for connecting the transmitter circuit when 
communication is desired. 

(c) A ringer for attracting the attention of the party 
desired. 

In connection with the circuit arc other auxiliaries which 
will be mentioned in describing the actual operation of a 
telephone circuit. 

The Transmitter. The dia<;ram of a modern transmitter 
is shown in Fig. 176. The essential parts are a diaphrajjcm 
of soft iron placed opposite a mouthpiece, which directs the 
sound waves against it. Behind the diaphragm is mounted 
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the variable resistance cell, which consists of a short tube 
partly filled with loose granular carbon. This carbon is 
between two carbon-faced terminal plates, one being fixed, 
the other attached to the diaphragm. The latter vibrates 




Fig. 176. Essential parts of Granular Carbon Telephone Transmitter, 
with the diaphragm and produces a variable pressure upon 
the granular carbon, thus altering its resistance. The mov- 
able tenninal is surrounded by a flexible diaphragm to prevent 
the escape of the loose carbon particles. The transmitter 
parts arc mounted in a substantial metal case, which is sup- 
ported by an adjustable clamp hinge. 

The receiver comprises a soft iron disk placed near the poles 
of a U-shaped permanent magnet, around which are woimd 



coils of fine wir 
magnet produce 




,1 jiarts of a Bi-polar Telephone Receive! 



Variations in the current surrounding the 
orresponding motion of the diaphragm, and 
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thus reproduce the sound waves. A permanent magnet is 
used rather than a soft iron core, because it produces a greater 
change in magnetic flux for a given change in current with the 
verv small m. m. f. which is available. The essentials of the 
receiver are shown in Fig. 177. 

The Ringer. Alternating current is used for the ringing 
circuits of the telephone. Originally this was supplied by a 
small magneto-generator operated by the calling subscribers. 
At present the ringing current is furnished by the central 
office. The ringer itself operates on the principle of the 
polarized relay already described. This is illustrated in Fig. 
178. The armature of the ringer is not permanently polarized 
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Fig. 178. Diagram of the Magnetic Circuits of an Alternating 

Current Bell. 

but is under the influence of a permanent magnet, marked 
NS, WTien current is sent through the si^Ienoids MM, 
in one direction, the poles induced by the permanent magnet 
in the armature a are weakened on one side, and strengthened 
on the other. This action is reversed when the current is 
reversed in the solenoid, so that with alternating current the 
armature clapper vibrates. 

The subscriber's station in a modern telephone system is 
illustrated in Fig. II, page 13. When the telephone is not in 
use the receiver R hangs upon a hook switch //. The line 
circuit then is complete through the ringer m and the con- 
denser c. As alternating current passes through the con- 
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denser, which will not conduct direct current, the alternating 
ringing current meets no great obstruction. When the receiver 
is lifted from the hook, the ringer circuit is disconnected, and 
the receiver and transmitter circuit is connected to the line. 
In some forms of subscriber's station, the direct current for 
talking is supplied by a local batterj-. This arrangement is, 
however, being rapidly superseded by one in which both ring- 
ing and talking current come from the central office. Such a 
sj-stem is naturally known as a common battery or central 
energy system. 

A simple set of connections for a common battery system 
is given in Fig. 179.* The connections for two subscribers 




Fig. 171). Diagram of a pair of Circuits in a Common Battery 
Telephone Exchange. 

are shown in this diagram. The central part of the diagram 
represents the apparatus in the central office. The subscribers' 
lines are brought into the office through protectors and lightning 
arresters. The wires are comiected with small springs known as 

s Modem 

Telephor 
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jacks/' connections with which are made by three-wire 
cords, terminating in " plugs/' WTien the plugs are inserted 
in the jacks the3' make connections between the springs and 
the wires of the cord circuit. The plugs are indicated in 
diagram by ans,, and call., which are the answering and call- 
ing plugs respectively. 

In order to understand the diagram it will be simplest to 
follow through the operation of connecting up two subscribers. 
Suppose that the subscriber on the left-hand side desires to 
talk with the one on the right-hand side of the illustration. 
The calling subscriber lifts his receiver from the hook, thereby 
short-circuiting his line through his transmitter. At the office 
a small lamp is lighted by the operation of the line relay, 
indicating the call to the operator. The operator then inserts 
the answering plug, which disconnects the line lamp. The 
operator closes the listening key K, by turning a cam (which 
presses the two springs apart) and inquires as to the number 
wanted. The operator then inserts the calling plug into the 
jack of the subscriber desired, and operates the ringing key 
/Cj, by pressing the springs apart as before, thus making 
contact with the altematiag current ringing circuit. As soon 
as the calling plug is inserted the " supervisory " calling lamp 
Lj is lighted. WTien the second subscriber removes his receiver 
from the hook, this calling lamp is extinguished by the oper- 
ation of the relay R^, which is in the main line circuit. The 
two subscribers can now talk, their transmitters being sup- 
plied with current from the large battery located at the central 
office. WTien either subscriber returns his receiver to the 
hook, he breaks his circuit, and the relay R or R^ opens, closing 
the corresponding lamp circuit and indicating to the operator 
that the conversation is over. These lamps indicate at all 
times to the operator the condition of the circuits, and hence 
are usually called supervisory lamps. 
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Telephone Exchanges and Central Offices. Mr. K. B. Miller 
defines a telephone uffiire as " an establishment in which 
telephone lines center, containing equipment for intercon- 
necting the lines," According to the same authority " a 
telephone exchange is an organization of one or more telephone 
offices, and the connecting lines and suh-station equipments 
necessary for supplying telephone service to a community." 

The telephone office contains the switchboards for inter- 
connecting the sub.scribers; the power plant for supplying 
current for all purposes; and the protective and distributing 
apparatus for increasing efficiency and reliability. 

The switchboard comprises the apparatus shown in dia- 
gram in Fig. 179, including the calling and answering jacks, 
the supervisory lamps, the cord circuits, the relaj's, etc. The 
switchboard is divided into panels or sections, placing within 
the reach of one operator from fifty to several hundred answer- 
ing jacks, and several thousand calling jacks in a large office. 
The number assigned to each operator depends upon the 
amount of business. Under ordinary circumstances one hun- 
dred calling circuits can be easily handled. In offices of mod- 
erate size each operator can reach the answering jacks of all 
the subscribers, these jacks being connected in multiple in 
the various sections of the switchboard. This arrangement 
gives the name multiple board to such an equipment It is 
the ordinary arrangement at the present time. 

In very large exchanges there are usually several central 
offices, which are connected by " trunk " lines, so that a sub- 
scriber in the district of one office may be connected to one in 
the district of another office. The circuits of the subscribers 
in the district of a given office terminate in a multiple board 
as already described, which is ordinarily called the " A " 
board, and the subscribers' operators are for convenience 
denominated " A " operators. A separate board or sej 
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section of the same board is deroteti to the trunk lines. This 
is the " B " board, and the operators are the ' B * «.'perarors. 
The " B " operators make no ccinnerti-Tfis dirt-jtly with the 
subscribers' lines, but they connect the " A " bijard circuits 
with the trunk lines when subscribers in i'thcr •»!Tice districts 
are wanted. 

It should be stated that the multiple b«.»ar'i :> not in exclu- 
sive use in this country-. A radically different plan is the 
"transfer" system In this, each operat«»r handles circuits 
of a limited number of subscrilxrrs only. When connection 
between two subscribers in different sccti«»ns of the switch- 
board are desired, the operator <»f the callin:i <ubscrilxfr noti- 
fies a second operator in chanre of an auxiliary switchboard, 
by inserting a plug in the callin:i jack. The «»[>erator of this 
second board ascertains from the subscriber what number is 
wanted, and in turn notifies a third f»j>erator in charge of the 
section in which the second subscriber is li^ated. The last- 
named operator makes the connection and calls the desired 
subscriber. In this way the call has been tran^jirrnl from 
the first operator to the second , then t« » the third. The auxiliary 
board is connected to the others by trunk lines, and its func- 
tion is to interconnect subscriber circuits in various parts of 
the office. 

The purpose of the transfer [)lan is to sinii)lifv the switch- 
board construction, which becomes very comjilicated when 
larpe numbers of subscribers are to be served by a imilti[)lc 
board. 

The power plant in a telei)h()ne exchan;z;e consists usuallv 
of one or more motor-generator sets, the motor being selected 
to suit the available source of power supply. This may be 
single or poljrphase alternating current, or direct current of 
any e. m. f. The generator is of about 30 volts c. m. f. and of 
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a few horse power capacity. A storage battery is ordinarily 
used to supplement the generator. In addition a ringer is 
necessary for the purpose of supplying alternating current to 
the circuits for calling purposes. The power plants are also 
supplied with complete switchboards for operating the motors 
and generators. 

Telephone Distributing Circuits. The construction of tele- 
phone circuits for connecting the subscribers with the central 
office is not essentially different from that already described 
for power circuits. For underground distribution and in 
many cases for overhead circuits, lead covered cables are 
employed. The conductors are pairs of copper wires insulated 
with dry paper, loosely wrapped, the conductors being laid in 
spiral layers altematelj' right and left hand. The purpose 
of the loose wrapping is to keep the conductors separated a 
sufficient distance, to minimize the electrostatic capacitj'. 

For pole lines, hard drawn copper is usually used, weighing 
from 200 to 300 pounds per mile. Iron wire is in use to a 
limited extent, but onlj' where cheapness is the prime con- 
sideration. The poles are placed from 40 to 50 to the mile, 
and they range from 30 to 65 feet in height. The wires are 
supported upon glass i.:suIators giving about loo megohm 
insulation resistance per mile in wet weather. The joints in 
the hard drawn copper wire are made with the Mclntire 
connector. This consists of two copper tubes, joined side by 
side, into which the ends of the wire to be joined are inserted. 
The joint is then spirally twisted several times. This joint 
is used instead of solder in order to avoid danger of destroying 
the strength of the «-ire by heat. 

Conduits are used between large cities to an increasing 
extent to avoid the troubles incident to the use of overhead 
circuits. Even where such interurban conduits are not 
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emplo3-ed, conduit is used from the suburbs to the centers of 
the large cities, as it is impossible to handle man\' lines in city 
streets. 

Wireless Telephony. The success of wireless telegraphy 
has inspired inventors to devise wireless telephony schemes. 
Some of these attempts now appear to be reasonably success- 
ful, and transmission has been carried on over several miles. 
The same form of waves is used as in wireless telegraphy, and 
the intensity of these waves is varied by means of a microphone 
circuit. The source of the high frequency currents is a 
" whistling " arc connected in the primary circuit of a trans- 
former. Such an arc operated from a d. c. circuit produces 
electro-magnetic waves of the same nature as those emanating 
from a spark gap. The transmitter is connected in the arc 
circuit. The metal coherer described is not sensitive enough 
for telephony. The more delicate electrol^'tic receptor is 
necessary. 



APPENDIX. 

Fields of Application of Alternating and Continuous Current. 

Although many classes of work can be performed equally 
well by either alternating or continuous current, each is 
peculiarly adapted to certain uses. This division of the fields 
of application, while not rigid, can be seen by a study of the 
following table. 

Alternating Current, 

1. Power transmission over large or small areas. 

2. Incandescent lighting over large areas. 

Current transmitted at high pressure and trans- 
formed to low pressure by means of constant poten- 
tial static transformers. 

3. Arc lighting. 

In many locations there is not enough arc light- 
ing business to warrant the use of continuous 
current arc generators. In others the a. c. lamp 
is pn»ferred for its economy and convenience. 
For these cases alternating current arc lamps, 
operated in series on a constant potential circuit 
and with current regulating devices in series, are 
very satisfactory. The lamps may also be oper- 
ated in parallel, in which case a lamp adjusted 
for operation on constant potential would be 
employed. 

4. Constant speed motors and in a few cases variable 

speed motors. 
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5. Electrical furnaces. 

Such as are used for the manufacture of carbo- 
rundum, graphite, etc. 

Continuotis Current, 

1. Incandescent lighting. 

Over small areas, especially in the crowded dis- 
tricts of large cities, in which the pressure neces- 
sary for the lamps can be used economically in the 
the transmission. 

2. Arc lighting. 

The uni-directional current is well adapted to arc 
lighting, pulsating current being generally used. 
On account of the superiority of the alternating 
current from the transmission standpoint, the 
continuous current arc lamp is being gradually 
driven from the field. 

3. Variable speed motors. 

Practicallv all of this line of work, which includes 
electric traction, cranes, etc., is l>est served by the 
constant potential series, continuous current motor. 

4. Constant speed motors. 

Such are used in factories for the driving of 
tools and of line shafts and for general power 
purposes in the crowded districts of large cities. 
While called constant speed these motors may be 
varied in speed by means of various devices, but 
when the speed has been set thus, it is maintained 
regardless of the load. In the previous class of 
motors mentioned, the speed varies with the load. 

5. Electrolysis. 

The continuous current finds an excellent field 
in the reduction of metals and the production of 
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many chemical compounds very cheaply. In the 
storage battery a very useful adjunct to lighting 

anH nnwpr st-af-inns is fniinH. 



and power stations is found. 



Historically the application of the continuous current to these various 
uses was first, but in importance it may be said that now the alternating 
current is first. The latter is more easily produced as the generator is 
simpler. It owes its superiority, however, to the fact that it may be 
transformed in pressure in stationary apparatus, with practically no loss. 
This Important point makes possible the transmission of electric power 
over long distances and it has forced the manufacturing companies to 
develop lines of apparatus, in all directions possible, which can be used 
on alternating current circuits. 



Classification on the Basis of Pressures Employed. 

AUertiaiing Current, 

1. 1,000 to 3,000 volts, constant potential, usually single 
phase. 

Applicable to arc and incandescent lighting. For 
the former a constant current is maintained by a 
constant current transformer or a constant current 
regulator. Or, either arc or incandescent lamps 
may be operated in parallel on from 100 to 250 
volts, constant potential, reduced from the line 
pressure by constant potential transformers. 

2. 2,000 to 7,000 (or more) volts, constant potential, 
usually three-phase. 

This is used for power transmission purposes under 
ten miles, particularly for power distribution for 
railways in large cities. For this purpose the alter- 
nating current is transformed to continuous current 
in rotary converters located in sub-stations from 
which the power can be economically transmitted at 
500 volts pressure. 
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3. 6,000 to 80,000 volts, constant potential, generated 
two-phase or three-phase, but transmitted on a three-phase 
line. 

Transformation from two-phase to three-phase is 
easily accomplished in static transformers. These 
high pressures are used for power transmission 
purposes up to several hundred miles, the power 
being generated at a moderate pressure of about 
10,000 volts which is raised to the pressure desired 
for the line by means of constant potential trans- 
formers. 

4. Miscellaneous pressures used for electro-chemical and 
electro-metallurgical purposes. 

This current is usually generated at a fairly high 
pressure and is then stepped down to any pres- 
sure desired. It is converted to continuous cur- 
rent for electrolysis. The pressure depends upon 
the process used and the number of tanks con- 
nected in series. 

Continuous Current. 

1. 6 to 350 volts, constant potential for electrolysis. 

This includes the reduction of metals and the 
formation of various chemical compounds. 

2. 50 to 550 volts, constant i)otential used for incandes- 
cent lamps and constant potential arc lamps. 

The standard pressures arc from 104 to 250 volts 
for the two-wire and from 208 to 500 for the three- 
wire system. 

3. 110 to 550 volts, constant potential used for motors 
of both constant and variable speed. 

In addition to this classification upon a pressure basis 
there should be mentioned the constant current system, both 
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alternating and continuous current. This is popular for arc 
lighting especially for out-of-door purposes. From three to 
ten amperes are used for this purpose. Occasionally constant 
current motors are used on the continuous current circuit, but 
they are not satisfactory and their use is to be disparaged 
except where no other source of current is available. 



REVIEW QUESTIONS. 

IXTRODUCTIOX. 

1. Give a synopsis of the applications of the electric current. 

2. Describe its application to the transmission of mechanical jxjwer. 

3. How is light produced by the electric current? 

4. What is incandescence ? Luminescence ? 

5. How is light produced in the arc lamp ? How in the vapor lamp? 

6. What is electrolysis? Give three examples. 

7. Why is the electric current the only means for the long distance transmission 
of intelligence ? 

8. How is this accomplished with the electric current ? 

9. Describe a simple telegraph system, with diagram of same. 

10. Upon what principle does the telegraph oj)eraie? 

11. Describe the operation of the telephone. 

12. Give a simple diagram of the telephone circuit. 

13. What essential parts constitute the electric heater? 

14. How is carborundum produced ? 

15. What can be said of the generation of energy in electric generators ? 

CHAPTER I. 

HISTORICAL DEVELOPMENT. 

1. Of what three periods dcx's the dcv(.!o[)mcnt of ele( tri( al engineering consist ? 

2. Explain the status of the science at the dose of the period of mystery. 

3. With whom did the i)eri<Kl of scientific j)rei)aralion Ix'gin ? 

4. What was the result of his work ? 

5. By whom was the first electric machine invented ? Of what did it ( onsist ? 
G. Who improved upon this machine and in what manner? 

7. Who discovered that electricity could Ik* transmitted? 

8. By whom were materials separated into conductors and non-conductors? 

9. What was the first example of the storage of elec iricily ? 

10. To what modern tyfxi of apparatus did this lead ? 

11. For what electrical discoveries is Benjamin Franklin noted? 
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12. What discovery led to the invention of the Voltaic cell ? 

13. How did this invention facilitate the further development of electrical 
apparatus ? 

14. For what is Sir Humphrey Davy noted ? To what did his discoveries lead ? 

15. By whom and in what manner was the connection between electricity and 
magnetism discovered? 

16. What was the Arago disk ? To what discoveries did it lead ? 

17. Describe the experiments and discoveries of Faraday. 

18. By whom was the first electric motor invented? 

COMMERCIAL DEVELOPMENT. 

19. At what time does this period begin ? 

20. How much was known of the theory of electrical machinery at this time ? 

21. Discuss the growth of the transmission of intelligence. 

22. Describe the development of electric lighting. 

23. What early experiments lead to the development of electro-chemistry? 

24. Discuss the development of the storage battery. 

25. What other applications of electricity have been made to chemical engineering ? 

26. Trace the development of the electric generator. 

27. Trace the development of the transformer. To what did it lead ? 

28. Discuss the development of power transmission. 

29. Describe the development of the electric motor. 

30. Discuss the development of electric traction. 

31. What recent developments have been made in electric traction ? 

CHAPTER II. 

FUNDAMENTAL QUANTITIES. 

1 When electric current flows through the Arago disk, from center to rim, what 
occurs ? What docs this show ? 

2. If the current is reversed what occurs ? What does this show ? 

3. If a weaker magnet is substituted, what will be the result? To what con- 
clusion does this lead ? 

4. What is Ohm's law ? How may it be illustrated ? 

5. How does the speed of rotation of the disk affect the e.m.f . produced ? How 
is this effect shown ? 

6. To what is the product of current and e.m.f. in a circuit proportional ? How- 
may this be demonstrated ? 

7. How may the identity of mechanical and electrical power be shown ? 

8. How does the electrical |)ower taken from a generator compare with the 
mechanical power supplied to it? 

9. What is Joule's law ? How may it be illustrated ? 

ELECTRICAL UNITS. 

10. What arc legal standards? How do they differ from absolute units? 

11. Define the legal unit of current; of resistance; of electromotive force. 

12. What is the unit of power? How is it defined? 

13. What is the unit of electrical energy? 

14. Name and define the practical unit of electrical quantity. 

15. What is inductance? Name and define its unit. 
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16. What is capacity? Name and define its unit. 

17. What is the unit of strength of magnetic field ? Define it. 

18. Define the following units in the absolute or C.G.S. system: (a) Strength 
of magnetic field, (6) Unit of e.m.f., (c) Unit of current, (d) Unit of quantity, (e) 
Unit of power, (/) Unit of energy, (g) Unit of resistance, (/i) Unit of inductance, 
(0 Unit of capacity. 

19. What are the three properties of the electric circuit? 

20. Give the corresponding mechanical analogies. 

CHAPTER III. 
MATERIALS. 

1. For what purposes are materials used in electrical machines? 

2. Classify the materials into four groups. 

3. Define conducting materials. 

4. Why is copper the most important conducting material ? 

5. Describe the process by which copper is prepared. 

6. Describe the process by which aluminum is prepared. 

7. Compare copper and aluminum as to (a) Conductivity, (6) Tensile strength, 
(c) Weight, (d) Cost, (e) Ease of manipulation. 

8. Discuss iron and steel as conductors. 

9. How do alloys differ from the pure metals in their electrical properties? 
Name the alloys in common use for carrying current. 

10. Discuss carbon as a conductor. 

11. Under what conditions are liquids used as conductors? 

PROPERTIES OF MATERIALS. 

12. What is specific resistance? 

13. Define the circular mil, the mil-foot. 

ll. Define temperature coeffuient. .Alxmt what is it for copf)er? 

15. Summarize the properties of (a) CopjK-r, (6) Aluminum, {c) Iron and Steel, 
{d) Alloys, (e) Carbon. 

16. What is a wire gauge? Discuss the B. & S. gauge. 

MAGNETIC MATERIALS. 

17. Name the magnetic materials. 

18. Define magnetic material. 

19. What is magnetic induction ? 

20. Discuss Ewing's theory of magnetism. 

21. Define permeability. 

22. Define magnetic flux. 

23. Define the maxwell, the gilbert, magnetomotive force. 

24. Discuss the production of e.m.f. I y a conductor culling a maj^netic field. 

25. Discuss the mechanical reaction between a magnetic field and a conductor 
carrying current. 

26. What is hysteresis? Define hysteresis ccx'tTu ient. 

27. What factors influence the f>ermeability of a magnetic material? Discuss 
the effect of each of these factors. 

28. Give an expression for the power loss in iron, due to hysteresis. 

29. What is retentiveness ? To what is it due ? In what cases is it undesirable ? 
In what cases is it desirable ? 
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30. Discuss the magnetic properties of (a) Cast steel, (b) Cast iron, (c) Electrical 
steel. 

31. What is a B~H curve? What does it show? 

INSULATING MATERIALS. 

32. Of what use are insulating materials? 

33. Name the principal insulating materials. 

3-4. What properties should these materials possess ? 

35. What is dielectric strength ? Electric pressure rupturing gradient ? Specific 
inductive capacity? 

36. What can be said of the specific resistance of dielectrics? 

37. Discuss the insulating properties of air, glass and porcelain, mica, rubber, 
paper and fiber, waxes and varnish, oils, cloth and yarn. 

CHAPTER IV. 
ELECTRIC CIRCUITS. 

1. Of what distinct sections does an electric circuit consist? 

2. According to what rules is all indoor wiring installed? 

3. In what way are these rules compiled ? How enforced ? By whom adopted ? 

4. Describe the overhead transmission system; the underground system. 

5. In what classes may indoor wiring be grouped? Discuss these classes as to 
(a) expense, (6) durability, (c) appearance. 

G. Of what parts may an electric circuit consist ? 

7. Name the varieties of current. Distinguish between these kinds. 

8. What three properties may an electric circuit have? Which of these are of 
more influence in alternating current circuits than in continuous current circuits? 

ALTERNATING QUANTITIES. 

9. Define Alternation, Cycle, Period, Frequency. 

10. What law does the ordinary alternating e.m.f. or current approximately 
follow ? 

11. What is the efTective value of an alternating quantity? How is it deter- 
mined ? What is its value for a sine wave ? So also for the average value. 

12. What is the " power factor" of a circuit ? 

13. What is the expression for average power in an alternating current circuit? 

14. What is meant by two alternating quantities being "out of phase" ? 

15. What effect docs the phase relation of current and voltage in an alternating 
current circuit have on the power in the circuit ? Express power factor as a function 
of this relation. 

10. What is a polyphase circuit? A two-phase circuit ? A three-phase circuit ? 

RESISTANCE, INDUCTANCE AND CAPACITY. 

17. What cfTccts have inductance and capacity in alternating current circuits? 
IS. How may the elTcct of inductance be expressed in an equation? So also for 
capacity, 

19. Describe briefly the method of determining the eff'ect in a circuit of a certain 
irregular current flowing in turn through inductance, resistance and capacity. 

20. If a circuit has a resistance of 50 ohms and an inductive reactance of 100 

ohms, what drop in voltage occurs when a current of 10 amperes flows through th« 

circuit ? 
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CHAPTER V. 

MAGHETic cntcnns. 

1. What is a magnetic drcuit ? 

2. Gi%"c illustrations of the practica] application of the rr.aj::T:eiic i-irvuit- 

3. Give three functions of magnetic flux. 

4. Give the equation for pull exerted by a magnet in terms of area of contact and 
flux densitv. 

5. What b a B-H curve ? In what units may it be expressed ? 

6. What is reluctance? What is its formula? 

7. What is magnetic leakage ? How does it represent loss ? How may it be 
kept low? 

8. Knowing flux density in a magnetic circuit, length of path and turns in the 
exciting binding, how may the neccssar>' current be found ? 

THE TRAHSFORMER. 

9. What is a transformer? What is its purpose? What part does magnetic 
flux play in its performance? 

EXCITATION OF GEHERAfoRS AHD MOTORS. 

10. Give five ways in which the field excitation of generators may be produced. 

11. Describe each of the ways of the above (question. 

12. Knowing the exciting ampere-tums to be used in a shunt generator, the volt- 
age of the machine, watts loss in excitation and mean length of field turn, how is the 
number of turns, resistance of winding and size of vdrc determined ? How may the 
results be checked? 

13. In what cases is the series winding use<l ? 

14. Answer question 1 2 for the series generator. 

15. WTiy are generators often proWded with a comjxjunding winding? 

16. How is the proper number of series turns to give a certain degree of com- 
pounding determined? 

17. Give simple diagrams for the shunt wound, the scries, and the compound 
wound generator. 

CH.\PTER VI. 
CONSTRUCTION OF GENERATORS. 

1. What are the essential elements of all electric generators ? 

2. W^hat apparatus was the forerunner of the nKKlcrn generator? , 

3. Along what lines did the generator first develop? 

4. What three essential features arc found in all generators? 

THE ALTERNATOR. 

5. Describe the armature of the alternator. 

6. Describe the field magnet of the alternator. 

7. Describe the current collecting devices. 

8. From what source is the field current for alternators taken ? 

9. Describe the coils of these machines. 

10. Discuss alternator windings. 

11. Discuss two-phase and three-phase windings. 

12. How is adequate ventilation of alternators secured? 
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THE DIRECT CURRENT GENERATOR. 

13. What radical differences exist between the alternator and the direct current 
machine ? 

14. Explain with the aid of diagrams the operation of commutation. 

15. Describe the armature of direct current machines. 

16. Discuss the series winding. 

17. Discuss the lap or parallel winding. 

18. How many brushes are used in the two cases? 

19. Describe the commutator. 

20. Describe the field magnet of the d.c. generator. 

21. How do the series winding and the shunt ^^inding of the field usually differ in 
appearance ? 

22. How are the field coils connected with each other and i^ith the armature ? 

CHAPTER VII. 

OPERATION OF ELECTRIC GENERATORS. 

1. What is the general purpose of electric generators? 

2. What is meant by the regulation of any machine ? Of a waterwheel ? Of a 
constant potential generator? Of a constant current generator? 

3. What are. the conditions for determining regulation of generators, as specified 
by the rules of the A.I.E.E. ? 

ALTERNATOR CHARACTERISTICS. 

4. What are characteristic curves and what do they show ? 

5. How does the allowable voltage regulation for incandescent lamps compare 
with that for motors? Why? 

6. What effect has the power factor of the circuit upon the regulation of alter- 
nators ? 

7. Explain the importance of the eflBciency of generators. 

8. What is meant by the iron-loss in an alternator ? Upon what does it depend ? 

9. What is the saturation curve of an alternator? Of what importance is it? 

10. What causes heating in the alternator? What temperature rise is allowable 
in the windings of machines? 

11. What is the short circuit characteristic of an alternator? How is it 
obtained ? What does it show ? What practical use is made of it ? 

12. What is meant by the "synchronizing" of alternators? 

13. How is synchronizing accomplished? What conditions must be met? What 
purpose is served? 

14. Give the diagram of connections for synchronizing two alternators. 

15. How may the load be properly distributed between alternators operating in 
parallel ? 

16. How are the phases of alternators balanced as to load ? 

D.C. GENERATOR CHARACTERISTICS. 

17. Why cannot a shunt generator maintain a constant terminal voltage ^ith 
changing load? 

18. Explain in detail the operations which take place during commutation. 

19. Wliat is meant by a "reversing field" ? 
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20. Draw and explain the shape of the compounding curve of a d.c. generator. 

21. Draw and explain the saturation curx-e of a generator. 

22. How is the e.m.f. of generators go\-emed ? 

23. VMiy cannot compound generators be connected in parallel without mn 
"equalizer" ? Explain its action. 

21. How is the load distributed between d.c. generators operating in parallel ? 

CH.\PTER \in. 
TRAIISFORMERS. 

1. What apparatus first contained the elements of the transformer? 

2. What phenomena did it illustrate? 

3. What imperfections existed in this first apparatus? 

4. Explain the principles upon which the transformer operates. 

5. How does magnetic leakage affect its action ? 

6. What arc "primary coils''; "secondary' coils"; step-down transformer"; 
"step-up transformer"? 

7. Give the general definition of the transformer. Name four varieties. 

8. Describe the construction of the constant ix)tential transformer. 

9. Distinguish between "shell-type" and "core-tyi)c" transformers. 

10. For a looo-volt transformer having two primary and two secondary coils with 
a ratio of lo to i, give the possible ratios of transformation. 

11. Discuss the modem transformer as to (a) Magnetic leakage, {b) Insulation, 
(f) Ventilation, (d) The core and copper losses. 

12. How are transformers protected from lightning? 

13. What is an auto-lransformcr? 

14. Discuss the series or current transformer as to (a) Construction, (h) Appli- 
cation. 

15. Discuss the constant current transformer as to (a) Construction, (h) OiKTa- 
tion, (c) Application. 

16. What is the constant current regulator? How does it o|)erate ? For what is 
it used? 

TRAHSFORMER CHARACTERISTICS. 

17. Define regulation for a constant [)otential transformer. 

18. About what p)er cent regulation may be exjwcted from good transformers of 
this type? 

19. What losses occur in transformers? V\K)n what do these losses depend? 

20. Define efficiency. How is it determined for the transformer? 

21. About what is the efficiency of a modern constant jwtential transformer? 

22. Discuss the heating of transformers. 

23. What determines the value of the exciting current when the transformer is 
connected to a given line? 

24. What determines the voltage to which it is safe to connect the transformer? 

25. What is the magnetizing comjxjnent of the exciting current? 

26. What loss of power does it represent ? 

27. What is the core-loss component of the exciting current ? 

28. Distinguish between "energy efficiency" and "power efficiency." What is 
the "all day efficiency"? 



29. Discuss the characteristics of the constant current transformer. 

30. Discuss the installation of transformers. 

31. How are transformers used in polyphase systems? 

32. How may transformers be used to change from two-phase to three-phase 
currents? 

33. How may six phases be produced from a three-phase system, by the use of 
transformers ? 

CHAPTER IX. 
POWER PLANTS. 

1. What is meant by the term "power plant" ? 

2. Discuss the source of power for a power plant. 

3. What governs the choice of electric generators to be used ? 

4. What power auxiliaries are usually installed ? 

5. What is a switchboard ? What is its purpose in the power plant ? 

6. Discuss lightning phenomena in electric circuits. 

7. How are electric circuits protected from the effects of lightning? 

8. Describe the typical lightning arrester. 

9. What are ground detectors and how are they used ? 

10. Describe the knife switch; the oil switch; the circuit breaker. 

PLANT CONSTRUCTION. 

11. In the Winona station how is the coal handled and stored? 

12. Describe the steam piping in this station. 

13. In such a station about what steam consumption may be expected ? 

14. What provision is made for suppl>'ing direct current for local railway use ? 

15. How is the direct current for exciting the fields of alternators here generated ? 

16. What chief differences mark the vertical steam turbine plant from the recip- 
rocating engine plant? 

1 7. Describe the coal handling system of the Detroit plant. 

18. What economies arc attempted in handling the feed water in the Detroit 
plant? 

19. Describe the chief features of the Long Island plant. 

20. Describe a typical hydro-electric plant. 

21. What can be said of the efficiency of gas engine plants? 

22. Describe the gas producer of the plant. 

23. Trace the path of the air from the inlet to the gas tank. 

24. Describe the electrical equipment of the gas engine plant. 

STORAGE BATTERIES. 

25. Why are storage batteries installed in power stations? 

26. Describe the typical battery cell. 

27. What is meant by " straightening the load cur\'e " ? 

28. How do storage batteries keep up the voltage of the plant at heavy loads ? 

29. IIow does the battery improve engine and generator performance? 

30. Why is the storage battery often installed in substations? 

31. Describe the chloride accumulator. Why so named? 

32. What chemical changes take place during charge and discharge? 

33. What determines the amount of energy which can be stored in a battery? 
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S4. How is the capacity of storage batteries rated ? 

So. WTiat is a battery booster ? WTiat is its purpose? 

36. What is a booster regulator? Describe the carbon-pile regulator. 

37. Under what conditions of operation is the battery most efficient ? 

38. What can be said of the depreciation of storage batteries ? 

39. What is meant by the terms "buckling" and "sulphating"? 

POWER STATION OPERATION. 

40. Discuss power station characteristics. 

41. What is the load cur\'e ? W^hat is the typical shape of this cur\'e ? 

42. WTiat effect may the storage battery have upon the load curve ? 

CHAPTER X. 

1. How is torque produced in an electric motor? 

2. To what is this torque proportional ? 

3. What controls the direction of rotation of d.c. motors? 

4. What causes have led to the development of the different types of motors? 
o. Name the different types of motors and the corresponding types of generators 

STNCHRONOUS A.C. MOTORS. 

6. Explain the principle of the synchronous motor. 

7. Give a mechanical analogy illustrating this. 

8. Describe the construction of this motor. 

9. How is the synchronous motor startc<l ? 

10. How is the speed controlled ? 

INDUCTION MOTORS. 

« 

11. Explain the principle of the induction motor. 

12. Explain the production of the nitating field. 

13. What is "slip" and to what is it due? 

14. Describe the construction of the induction motor. 

15. How is the induction motor started? 

16. How may the speed of this motor Ix* controlled ? 

SERIES A.C. MOTORS. 

17. How does the series a.c. motor operate? 

18. Of what parts does it consist ? 

19. For what ser\'ice is this motor adapted ? Why? 

20. Describe the repulsion motor. 

D.C. MOTORS. 

21. Describe the shunt wound motor. 

22. How does the comj)ound motor differ from the shunt? 

23. In what wavs may the series field of the coniinmnd motor Ix* connected? 
What different effects are secured in this way? 

SERIES D.C. MOTORS. 

24. W^hat influences have governed the development of the series motor? 

25. To what peculiarities of construction have these led ? 

26. To what classes of service is the series motor adapted ? Why ? 
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THE mTERPOLE MOTOR. 

27. What is the inlerpole motor? 

28. What is the object of the intcrpoles? How is this accx>mplished ? 

29. How does the use of the interpole motor make possible the transmission of 
d.c. power for greater distances than before ? 

MOTOR CHARACTERISTICS. 

30. What are the important characteristics of the following motors: (a) Syn- 
chronous, (b) Induction, {c) Series a.c, (rf) Series d.c, {e) Shunt d.c, (/) Compound 
d.c? 

31. What are the V-curves of the synchronous motor? 

32. What do they illustrate as to (a) Power factor, {b) Best field current for the 
motor, (c) Armature current for constant output but varying field current? 

33. Explain the shape of the following curves for the induction motor: (a) 
Amperes input, (b) Speed and slip, (c) Power factor. 

34. How docs the speed of shunt wound motors vary with increase of load ? How 
does the efficiency vary? 

35. How does the speed of series motors vary with the current input ? How does 
the tractive effort vary ? 

MOTOR STARTING. 

36. How are motors generally started ? 

37. What, in general, governs the speed of motors? 

38. How does the starting of synchronous motors differ from that of other types ? 

39. Give three methods for starting rotary converters. 

40. How are single-phase induction motors started ? How is the speed controlled ? 

41. Describe the typical motor starter with underload and overload release. 

CHAPTER XI. 
INCANDESCENT LAMPS. 

1. Upon what principle does the incandescent lamp operate ? 

2. Describe the manufacture of the carbon filament of the lamp 

3. In what manner is the filament of the tungsten lamp made? 

4. What is the average consumption in "watts per candle" of carbon filament 
lamps? 

5. In what way does the regulation of e.m.f. at the lamp terminals affect its life 
and cfTiciencv ? 

G. From the curves on p. 308 determine the effect upon the life and candle power 
of increasing the e.m.f. at the lamp by 2 pcT cent; of decreasing it 2 per cent. 

7. Explain the term "smashing point." 

8. Describe the Nemst lamp. Why is a ballast resistance necessary? 

ARC LAMPS. 

9. Upon what principle does the arc lamp operate ? 

10. Why is carbon used in arc lamps? 

11. In what ways do d.c. and a.c. arcs differ? 

12. What new forms of arc lamp have recently been developed? 

13. What materials arc used to replace carbon, in the magnetite lamp? 

14. Distinguish between series and multiple lamps. 
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15. Describe the construction and operation of the differential lamp, the shunt 
lamp, the multiple lamp. 

16. How dot's "ballast resistance" steady the current in an arc lamp. 

17. Compare open and enclosed arcs as to: (a) Efficiency, {b) Distribution of 
light, (c) Life of carbons. 

18. Discuss the rating of arc lamps. 

VAPOR LAMPS. 

19. Describe the vacuum tube lamp. 

20. Describe the mercury vapor lamp. 

FIELDS OF APPLICATION OF ELECTRIC LAMPS. 

21. Discus^ the application of incandescent lamps. 

22. Discuss the application of arc lamps. 

23. Discuss the application of vapor lamps. 

LIGHT AND ILLUMINATION. 

24. How do the following light sources compare as to cost per looo candle-hours: 
The carbon filament lamp, the common arc lamp, the Welsbach gas lamp, the kero- 
sene lamp? 

25. What distinction should be made between "light" and "illumination" ? 

26. What can be said as to the efficiency of light production by the electric lamps 
in common use ? 

UNITS OF LIGHT AND ILLUMINATION. 

27. Defme the "hefner," the "foot-candle." 

28. How docfs the intensity of light radiated from a point vary with distance? 

29. What is the intensity of light on a screen 4 feet in a horizontal direction from 
a standard candle, and making an angle of 45 degrees with the horizontal ? 

ELECTRIC HEATING. 

30. How is electrical energy transformed into heat? 

31. How efficiently is this process accomyilished ? 

32. How does the cost of heating a certain amount of water by electric heater and 
gas flame compare ? 

33. What are the main applications of electric heating? 

CHAPTER XII. 
MEASURING INSTRUMENTS. 

1. For what electrical measurements are instruments required? 

2. What quantities arc measured by them? 

3. What classes of instruments are used in the measurement of current? 

ELECTRO-D YN AMOMETE R. 

4. Describe the elect ro-<lynamometer. 

5. Why is the electro-dynamometer equally adapted to the measurement of 
direct and alternating curn^nt? 

6. How do the deflections of the electro-dynamometer vary with the current 
flowing? Explain. 

7. What tyjx^s of this instrument have bt^n developt»d ? 

8. What is an ammeter shunt? Explain its use. 
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PERMAHENT MAGNET AMMETERS. 

9. How is the deflecting force produced in these meters? 

10. Describe the movable magnet ammeter. 

11. What can be said of this meter as to sensitiveness, simplicity, portability? 

12. Describe the moving coil permanent magnet ammeter. 

13. What can be said of the regularity of scale of this meter? 

14. How are these meters made "dead beat" ? 

SOFT IRON CORE METERS. 

15. Upon what principle do these meters operate? 

16. What types of this meter have been developed ? 

17. Discuss the coil -and -plunger type meter. 

18. Discuss the Thomson inclined-coil meter. 

INSTRUMENTS FOR MEASURING QUANTITY. 

19. W^hat is electrical quantity? 

20. Upon what principles are methods of measuring quantity based ? 

INSTRUMENTS FOR MEASURING E.M.F. 

?,1. What principles are employed in these instruments? 

22. Describe the electrostatic voltmeter. 

23. Discuss the various types of high-resistance-ammeter voltmeters. 

HOT WIRE INSTRUMENTS. 

24. Explain the principle and mechanism of the hot wire meter. 
WATTMETERS. 

25. To what must the deflection of wattmeters be proportional ? 
2G. How is this accomplished ? 

27. Of what practical importance is the energy meter? 

28. Describe a typical energy meter. 

29. For what kinds of current is the commutator- type meter adapted ? Why ? 

30. Discuss the induction-motor meter. 

31. Why is this meter limited to a.c. circuits? 

32. What special instruments are needed in the fully equipped power house? 

33. Discuss briefly the power factor and frequency meters. 

CHAPTER XIII. 

1. How may intelligence be transmitted by the aid of the electric current? 
TELEGRAPHY. 

2. Discuss simplex telegraphy as to (a) Method of transmitting messages, 
(6) Connection of keys and relays in closed circuit systems, (c) Current supply, 
(J) Receiving instruments, (e) Range of operation, (/) Simple diagram of circuits. 

3. Discuss duplex telegraphy as to (a) Differential-wound relay, (6) Diagram 
of circuits, (c) Operation of apparatus, (d) Efficiency of the system, (e) Bridge system 
of duplexing. 

4. According to what principles may a line be "quadruplexed" ? 

5. Discuss telegraphic rccei\ing devices; the needle telegraph; the syphon 
recorder. 

6. Explain the principle of the printing telegraph systems, or the "ticker." 

7. What automatic systems have been introduced? 
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WIRELESS TELE0RAPH7. 

8. Explain the principle of wireless telegraphy. 

9. Give a diagram of the simple wireless system. 

10. Explain the action of {a) The aerial, (b) The induction coil, {c) The 
spark gap, {d) The coherer, (e) The "tapper." 

THE TELAUTOGRAPH. 

11. What is the telautograph ? 

12. Explain its operation. 

TELEPHONY. 

13. What general principle underlies the method of transmission of sjieeih? 

14. What are the essential parts of the telephone circuit ? 

15. Discuss the telephone transmitter. 

16. Discuss the telephone receiver. 

17. What is the "ringer"? 

18. What is a "central-energy system"? 

19. Describe the telephone "jack." 

20. Describe the operation of connecting the apparatus of two sul>scrilKTS in the 
central-energ)' system. 

21. What is a telephone exchange ? 

22. What is meant by a " multiple board " equipment ? 

23. What is the "transfer system"? 

24. Discuss telephone system power plants. 

25. Discuss the distributing circuits of a teIei)hone system. 

26. Discuss the status of wireless telephony. 
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Car, Davenport's electric, 45. 

Car, Davidson's electric, 45. 

Car, Farmer's electric, 46. 

Car, Green's electric, 46. 

Car, Grove battery on, 46. 

Car heater, electric, 14. 

Car, Henry's electric, 48. 
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Circuit, function of the electric, 112. 
Circuit, magnetic, definition of, 130. 
Circuits, A. C, 113. 
Circuits, electric, construction of, 102. 
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Circuits, telephone distributing, 372. 
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Circuits, transmission, 103. 
Circuits, electric, features of, loi. 
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Clarke, of Laadoc. 5>. 
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Closed winding in d. c. irrsj 

Cloth as a dielectric, icc. 

Code, Morse leiegraph, 552. 

Code, NationaJ elecirical, is2. 

CoefiScient, favstertds. 5^. 
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Coils for railway motor armatures, 279. 

Coils for transformers, loS. 
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2S. 
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period of, 50. 
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Common batter)* telephone system, 36S. 
Commutation, principles invol\-ed in, 

167. 

Commutation, review of principles, 189. 
Commutator, 150, 166. 
Commutator, construction of, 1 74. 
Commutator, view of, 174. 
Commutator motor meters, 348. 
Commutator motor starters, 292. 
Compass, mariner's, ig. 
Compensated alternator, 151. 
Composite winding, 151. 
Compound d. c. motor characteristics, 

285. 
Compound excitation, 146. 
Compound excitation, 151. 
Compound motor applications, 300. 
Compound motor s[)eed control, 296. 
Compound motor starling, 293. 
Compound d. c. motors, 273. 
Compound motors, connection of series 

coil in, 277. 
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Cond-jction. electric circuit through a, 
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Conductors for power lines, 106. 

Conductors to insulators, attaching, 106. 

Conductors and non-conductors, Du 
Fay's work on, 73. 

Conduit construction, 104. 

C^onduit line, loS. 

Conduit, underground, at Cleveland, 47. 

Conduit wiring, indoor, ioq, 110. 

Conglomerate ores of copper, 74. 

Connections of transformer windings, 
200, 201. 

Constant-cunx'nt transformer character- 
istics, 211. 

Constant-current transformer, view of, 
204. 

Constant curn?nt regulator, 205. 

Constant current transformer, 197, 203. 

Constant [x^tential transformer, 196, 197. 

Construction of electric circuits, 102. 

Construction of electric generators, 184. 

Construction of transmission lines, 104. 

Construction of electric motors, 265. 

Construction and oi)eration of power 
stations, 217. 

Construction of transformers, 195. 

(\3nsumcr's instruments, 330. 

Continuous current, 112. 

Continuous current, fields of applica- 
tion of, 374. 

Control of motors, 287. 

Converter, rotar>', 1Q7. 
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Converter, rotary, 29S. 

Cooking, electric, 36, 328. 

Copjjer as a conductor, 74. 

Copper compared with aluminum, 76, 

77- 
Copix?r compared with iron and steel, 

77- 
Copper, electrolytic refining of, 75. 

Copper for commutators, 1 74. 

Copper, hard drawn, use of, 106. 

Copper losses in transformers, 200. 

Copper for power lines, 106. 

Copper, occurrence in nature, 74. 

Copper refining, 10. 

Copper refining and plating, 37, 38. 

Copper soft drawn, use of, 107. 

Copper, specific resistance of, 81. 

Copj)er, summary of pro|)erties of, 82. 

Copj)er, temperature coefficient of, 81. 

Copper voltmeter, 343. 

Copper wire manufacture, 75. 

C()]3per wire table (Inside back cover). 

Core of transformer, 133. 

Core of armature, 152. 

Core loss in d. c. generator, curves of, 

193- 
Core losses in transformers, 200. 

Core loss current in transformers, 210. 

Core type transformer, 197. 

Cores, field, of alternators, 161. 

Cores of d. c. generator armatures, 169. 

Cores of transformers, 198. 

Cornell University power plant, 236. 

Cost of producing electrical energy, 258. 

Coulomb, definition of, 62. 

Coulomb, Chas. A., 22. 

Counter — e. m. f. in motors, 287. 

Crater of arc lamps, 6. 

Cross-arms for pole line, 104. 

Cryolite, 76. 

Current and field, reaction between, 53. 

Current, alternating, 117. 

Current, C. (i. S. unit of, 68. 

Current electricity, 23. 

Current, field surrounding a, 63. 

Current measuring instruments, 331. 



Current of series transformers, 202. 

Current regulator, constant, 205. 

Current, unit of, 59. 

Current, varieties of, 112. 

Cuttriss magnetic siphon recorder, 36a 

Cycle, definition of, 117. 

Daft's electric locomotive, 47. 
D'Arsonval galvanometer, 338. 
Dampers on alternator field magnets. 

165. 
Davenport's electric car, 45. 
Davenport's electric motor, 43. 
Davenport, Thomas, 43. 
Davenport, Thomas, 45. 
Davidson's electric car, 45. 
Davidson, Robert, 45. 
Da\')''s arc lamp, 33. 
Davy's electrical exj)eriments, 24. 
Davy, Sir Humphrey, 24, 33. 
D. C. generator armature, 168. 
D. C. generator characteristics, 189. 
D. C. generator handling, 193. 
D. C. generators in parallel, 194. 
D. C. generator, the, 166. 
D. C. generator, view of, 166. 
D. C. shunt and compound motors, 273. 
D. C. series motors, 277. 
Definition of units, 58. 
Definitions of C. G. S. units, 67. 
Delta-connected, 3-phase winding, 159. 
Delta-connection of transformers, 213. 
de Magnete, Gilbert's, 18, 19. 
de Magnete, illustration from, 20. 
Demagnetizing m. m. f., 88. 
de Meri tents alternator, 40. 
Depreciation of storage batteries, 252. 
Deri's alternator, 40. 
Deri's transformer, 40. 
Derived units, 60. 
Design and operation of electric circuits, 

III. 
Detectors, ground, 222. 
Detroit Edison Co., power station, 230. 
Developments in electric traction, recent, 

49. 
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Development of the arc lamp, 34. 
Development of the electric generator, 

149- 
Development of the incandescent lamp, 

33- 
Development, summary of period of 

commercial, 50. 
Development, period of commercial, 28. 
Dielectric, electric circuit through a, 

III. 
Dielectric materials, 73, 95, 97. 
Dielectric resistance, 97. 
Dielectric strength, 96. 
Dielectrics, electrical pro|x;rties of, 96. 
Difference of phase, 121. 
Differential arc lamps, 316. 
Differential duplex telegraphy, 356. 
Direct current, 112. 
Direct current, fields of application of, 

374. 
Disk generator, 52. 

Distribution of mechanical power, i. 
Dobrowolski's induction motor, 41. 
Drawing of copjx^r wire, 75. 
Drip loop, 103. 

Du Fay's work on conductors and in- 
sulators, 73. 
Du Fay, Charles, 21. 
Duplex telegraphy, 30, 356. 
Duplex telegraphy, differential, 356. 
Duplex telegraphy, bridge, 357. 
Duplex telegraphy, Wheatstone, 357. 
Dynamo-electric machine, 148. 
Dynamo, origin of word, 148. 
Dynamometers, electro-, 331. 
Early alternators, 39. 
Early arc lamps, 33. 
Early arc lighting in Paris, 34. 
Early electric motors, 43. 
Early electric traction, 45. 
Early experiments in electro-chemistry, 

36. 

Early incandescent lamps, 33. 
Early telegraph systems, 29. 
Economic life of incandescent lamps, 

309- 



Economics, power station, 258. 
Eddy currents in armature cores, 153. 
Edison's electric locomotive, 46. 
Edgewise field winding, 164, 165. 
Edison, invention of incandescent lamp, 

33- 
Edison, Thomas A., 30. 

Edison, work on electric generators, 39. 

Effective values of alternating quanti- 
ties, 118. 

Efficiency curve of induction motor, 
2S2, 283. 

Efficiency curve of d. c. motor, 286, 287. 

Efficiency curve of shunt motor, 284, 
285. 

Efficiency curves of d. c. generator, 

194. 
Efficiency of alternators, data on, 182. 
Efficiency of alternators, 184. 
Efficiency of c. p. transformer, curve of, 

2(X). 

Efficiency of d. c. generator, curve of, 
192. 

Efficiency of incandescent lamps, 307. 

Efficiency of light production, 324. 

Efficiency of light sounres, table of, 325. 

Efficiency of transformers, 208. 

Efficiency of transformers, all-day, 210. 

Elasticity, electrical analogy of, 63. 

Electric bottle, 21. 

Electric car heater, 14. 

Electric circuit as a fire risk, 103. 

Electric circuits, conditions of, 70. 

Electric circuits, features of, loi. 

Electric circuits, properties of, 70. 

Electric circuits, varieties of, loi. 

Electric current, nature of, i. 

Electric current, synopsis of applica- 
tions, I. 

Electric generator, Clarke's, 38. 

Electric generator, development of the, 

149- 
Electric generator, definition of, 148. 

PLlectric generator, elements of, 148. 

Electric generator, Page's, 38. 

Electric generator, Pixii's, 38. 
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Electric generators in power stations, 

218. 
Electric generators, operation of, 178. 
Electric heating, s^, 36, 327. 
Electric lamps, commercial, 303. 
Electric lamps, recent improvements in, 

35- 
Electric lighting, 33. 

Electric lighting, summary of develop- 
ment of, 50. 

Electric lighting and heating, 303. 

Electric motor, first, 26. 

Electric motors, 263. 

Electric motors, construction of, 265. 

Electric motors, early, 43. 

Electric motor quantity meters, 344. 

Electric motors, recent, 44. 

Electric power, C. G. S., unit of, 69. 

Electric power generation, 38. 

Electric power transmission, 38, 41. 

Electric pressure rupturing gradient, 96. 

Electric waves, Hertzian, 31. 

Electricar auxiliaries in power stations, 
219. 

Electrical code, national, 102. 

Electrical energy, charging for, 262. 

Electrical energy, C. G. S., unit of, 69. 

Electrical energy, cost of producing, 
258. 

Electrical energ)', unit of, 61. 

Electrical generators, construction of, 
148. 

Electrical heating in surgery, 329. 

Electrical horsepower, definition of, 61. 

Electrical horsepower hour, definition 
of, 62. 

Electrical horsepower year, definition 
of, 62. 

Electrical instruments, applications of, 

Electrical machine, Gucricke's, 20. 
Electrical machine, Newton's, 20. 
Electrical and magnetic quantities, fun- 
damental, 51. 
Electrical measurements, 330. 
Electrical motors, principles of, 263. 



Electrical power, 56. 

Electrical power, unit of, 61. 

Electrical properties of dielectrics, 96. 

Electrical properties of materials, 72. 

Electrical quantity, unit of, 62. 

Electrical steel, composition of, 95. 

Electrical steel, curves showing mag- 
netic properties, 94. 

Electrical steel, properties of, 94. 

Electricity, current, 23. 

Electricity, etymolog}', 18. 

Electricity, generation and conduction 
of, 20. 

Electricity, storage of, 21. 

Electricity, summary of, development 
of knowledge df, 50. 

Electro-chemistry, beginning of, 24. 

Electro-chemical decomposition, 9. 

Electro-chemistry, early experiments in, 

36. 

Electro-chemistry, summary of develop- 
ment of, 50. 

Electro-dynamometer ammeters, 331. 

Electro-dynamometer, Siemens, 332. 

Electio-dynamometers, 331. 

Electro-dynamometers, portable, 334. 

Electro-dynamometer with gravity con- 
trol, 333. 

Electro-dynamometer with torsion con- 
trol, 331. 

Electro-magnetism, 24. 

Electro-magnets, excitation of, 135. 

Electro-magnets, Henry's, 26. 

Electrolyte, electric circuit through an, 
III. 

Electrolytic refining of copper, 75. 

Electrolytic quantity meters, 343. 

Electrolysis, 9. 

Electrostatic ground detector, 345. 

Electrostatic voltmeters, 344. 

Elecktron, 18. 

Elements of electric generator, 148. 

Elizabeth, Queen, 19. 

Elkington, James B., 37. 

Elkington's work in copper refining, 37 

E.M.F., alternating, 117. 
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E.M.F., calculation of in generator, 86. 

E.M.F., C. G. S., unit of, 68. 

E.M.F., experiment illustrating nature 

of, 54- 

E.M.F. instruments for measuring, 344. 

E.M.F., unit of, 59. 

Enclosed arc lamps, Mark's, 35. 

Enclosed arcs, 318. 

End turns in transformers, insulation 
of, 202. 

Energ}', charging for electrical, 262. 

Encrg>', C. G. S. unit of electrical, 69. 

Energy, electrical, unit of, 61. 

Energ)', instruments for measuring, 348. 

Energ>' meters, commutator motor, 348. 

Energy meters, induction motor, 349. 

Energ)', transmission of, 15. 

Energy, transformation of, 15. 

Engineering eleclro-chemistr)', 36. 

Equalizer bar or connection, 194. 

Exjui-potential connections in lap wind- 
ings, 173. 

Exact scientific work, early, 22. 

Examples of mechanical ix)\ver trans- 
mission, 2, 4. 

Examples of plant construction, 226. 

Exchanges, telephone, 370. 

Excitation of alternators, 165. 

Excitation, compound, 146, 151. 

Excitation, conditions for self-, 140. 

Excitation of electro-magnets, 135. 

Excitation of generators and motors, 
138. 

Excitation, separate, 139, 150. 

Excitation, series, 144, 151. 

Excitation, shunt, i3(), 150. 

Excitation of transformers, 137. 

Exciter, 139, 150. 

Exciter, Wilde's magneto, 38. 

Exciters, Long Island Railroad Co.'s 
station, 234. 

Exciting current in c. p. transformers, 
209. 

Exciting current for electro-magnets, 
136. 

Ewings* theory, 84. 



Factor, power, 120. 

Farad, C. G. S. definition of, 70. 

Farad, definition of, 65. 

Faraday, experimental researches, 18. 

Faraday and Henr)', comparison of 
work of, 26. 

Faraday, Michael, 25. 

Faraday's discoveries, 25. 

Faraday's disk, modified form of, 52. 

Faraday's magnetic figures, 63. 

Faraday's ring the first transformer, 195. 

Farmer's electric motor, 44. 

Farmer's electric car, 46. 

Farmer, Moses G., 35. 

Farmer's work on arc lamps, 35. 

Faure, Camillc, 37. 

Faure's storage battery, 37. 

Ferranti's alternator, 40. 

Ferrari's induction motor, 41, 45. 

Fiber as a dielectric, 99. 

Fields of application of alternating cur- 
rent, 374. 

Fields of application of continuous 
current, 374. 

Field coil, problem in size of wire for 
shunt, 143. 

Field coil, problem in size of wire for 
series, 145. 

Field coils, alternator, 164. 

Field coils for d. c. generators, 1 76. 

Field core stampings, 163, 164. 

Field cores, cast and sheet steel, 163. 

Field cores, saturation in d. c, 175. 

Field cores of alternators, 161. 

Field cores for d. c. generators, 175. 

Field rom|)ounding curve, 191. 

Field's electric locomotive, 46. 

Field magnet of railway motor, 278. 

Field magnet of d. c. generators, 175. 

Field magnet ventilation, 164. 

Field magnets of generators, 151. 

Field magnets of alternators, 160. 

Field, rotating, 267. 

Field strength, magnetic, C. G. S. unit 
of, 67. 

Field winding, edgewise, 164, 165. 
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Filaments for incandescent lamps, 304. 

Filaments, rare metal, 134. 

Fire risk, electric circuit as a, 103. 

Fire risks, transformers as, 213. 

First commercial electro-plating, 37. 

First electric motor, 26. 

First Gramme machine in America, 39. 

First motor in United States, 43. 

First patent on incandescent lamps, 33. 

First successful motor, 43. 

First telephone, 31, 131. 

First telegraph line, 30. 

Flaming arc lamps, 8, 35, 315. 

Flashing an incandescent lamp filament, 

304. 
Flux density, efifect upon permeability, 

88. 
Flux density, magnetic, 85. 
Flux, magnetic, 85. 
Fly-wheel effect, 150. 
Foot-candle, 326. 
Forming an incandescent lamp filament, 

304. 
Four-phase circuit, 122. 
Franklin, Benjamin, 22. 
Franklin's experiments, 22. 
Frankfurt, transmission, 42. 
Frequency, definition of, 117. 
Frequency meter, 350. 
Frog-leg experiments, 23. 
Fromant's electric motor, 44. 
Fuller-board as a dielectric, 99. 
Fundamental electrical and magnetic 

quantities, 51. 
Function of the power station, 253. 
Fundamental units, 59. 
Furnace, carborundum, 14. 
Fuses alloys for, 79. 
Fuses in motor circuits, 302. 
Fusible alloys, 79. 

Gages, wire, 83. 

Galvani, Luigi, 23. 

Galvanometer, D'Arsonval, 338. 

Ganz's alternator, 40. 

Gas collector in gas plant, 246. 



Gas engine plant, typical, 244. 
Gas engine plants, 244. 
Gas generator, 9. 
Gas holder in gas plant, 246. 
Gas producer, 244. 
Gases as dielectrics, 97. 
Gaulard and Gibb's transformer, 40. 
Gauss, C. G. S., definition of, 68, 69. 
Gauss, definition of, 66, 85. 
Generation and conduction of elec- 
tricity, 20. 
Generator armature, 150, 151. 
Generator characteristics, d. c, 189. 
Generator, Clarke's electric, 38. 
Generator, definition of electric, 148. 
Generator, development of the electric, 

149- 
Generator, disk, 52. 

Generator, electric, summary of devel- 
opment of, 50. 
Generator, elements of electric, 148. 
Generator excitation, 138. 
Generator field cores, d. c, 176. 
Generator field magnet, 151. 
Generator field magnet, d. c, 175. 
Generator, flux in air gap of, 86. 
Generator, gas, 9. 
Generator handling, d. c, 193. 
Generator, magnetic circuit in, 150. 
Generator mechanical mounting, 151. 
Generator, Page's electric, 38. 
Generator, Pixii's electric, 38. 
Generator regulation, 178. 
Generator self-excitation, invention of, 

38. 

Generator, the d. c, 166. 
Generator, view of d. c, 166. 
Generators, armatures, of d. c, 168. 
Generators as motors, 264. 
Generators and corresponding motors, 

264. 
Generators, brushes for d. c, 175. 
Generators, construction of electric, 148. 
Generators, operation of electric, 178. 
German silver, 79. 
German silver, specific resistance of, 81. 
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German silver, summan* of properties 

of, S2. 
German silver, temperature coefficient 

of, 81. 
Gibbs transformer, Gaulard and, 40. 
Gilbert, definition of, 85. 
Gilbert, de Magnete, 18, ig. 
Gilbert, William, iq. 
Glass as a dielectric, 98. 
Glass for line insulators, 105. 
Gradient, electric pressure rupturing, 

96. 
Gramme machine, first in America, 39. 
Gramme's alternators, 40. 
Gramme's ring armature, 39! 
Granular carbon telephone transmitter, 

366. 
Gray, Klisha, 32. 
Gray iron, curves of magnetic proi)er- 

ties of, 93. 
(iray, Stephen, 21. 
Gray's telautograph, 364. 
Gray's telephone transmitter, 132. 
Green, George F., 46. 
Grove battery, on car, 46. 
Ground detector, electrostatic, 345. 
Ground detectors, 222. 
Grounding of circuits, 103. 
Grounding of transformer neutral, 213. 
Gmunds on electric circuits, 222. 
Guani wires, 103. 
Guericke, Otto von, 20. 
Guerickc's electrical machine, 20. 

Hall. Charles M., 37. 

Hall process, 37, 76. 

Hall, Thomas, 46. 

Hall's reversible car, 46. 

Hall's work on aluminum reduction, 37. 

Halskc electric car, Siemens and, 46. 

Hand starting of single -phase motors, 

291. 
Handling d. c. generators, 103. 
Handling of alternators, 187. 
Handling motors, 2S7. 
Handling storage batteries, 251. 



Hardening, etTect upon jK*rmeability, 
8q. 

Hard drawn wire, 75. 

Head House, Niagara Falls H. P . & M. 
Co., 242. 

Heat, production of, 14. 

Heating, electric, 3^, 36, 303, 327. 

Heating, electric, application of, 328. 

Fleating of alternators, 184. 

Heating of transformers, 201). 

Heating value of the alternating cur- 
rent, 118. 

Heater, electric car, 14. 

Hefner, definition of, 326. 

Henr>' and Faraday, com^iarison of 
work of, 26. 

Henry, C. G. S., definition of, 70. 

Henr>', definition of, 64. 

Henr>', Joseph, 26. 

Henry's electric car, 48. 

Henr>'s electro-magnets, 26. 

Henry's electric motor, 44. 

Hertz, Heinrich, 31. 

Hertzian waves, 31. 

High resistance ammeter voltmeters, 
346. 

Historical reference works, 18. 

Horn lightning arresters, 107, 220. 

Horizontal steam turbine plants, 233. 

Horsc^|X)wer, electrical, definition of, 
61. 

Hot wire instruments, 347. 

Hughes, I). H., ^2. 

Hunning, Henry, 32. 

Hy(lrt)gen generator, 9. 

Hydm-electric plants, 236. 

Hysteresis coi*fl'icient, 88. 

Hysteresis c<x;fficient, effect of heat 
U|K:>n, (/>. 

Hysteresis coefficient, problem illus- 
trating the use of, 91. 
Hysteresis coefficient, relation to jx-'r- 

meability, $<). 
Hysteresis in armature cores, 154. 
Hysteresis loss, calculation of, 90. 
Hysteresis, nature of, 88. 
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llluminalion and lighl, 323. 
Illuminalion, amounl ot, 334. 
Illumination, efliciency of, 324. 
Illumination, intensity, 334. 
Uluminftlioa of Tooms, chart of, 3J7. 
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Impedance, delini 
Impedance, problems in, lag. 
Impulfi- «1ri1 plant. 336. 

Incandescent lamp, 5. 
Incandescenl lamps, 303. 
IncandescenI lamp applications, jao. 
Incandescent lamps, candle power of, 

308. 309. 
Incandescent lamps, chatactcrislics, 308. 
Incandescent lamps, development of, 33. 
Incandescent lam))s, early, 33. 
Incandescenl lamps, efficiency of, 307. 
Incandescent lamps, economic life of, 

3°9- 
Incandescent lamps, Edison's work on, 

33- 
Incandescent lamps, filaments tor, 304. 
Incandescent lamp, iuntlion of, 303. 
Incandescent lamps, life of. jo^ 
Incandescenl lump manufnclurc, 303. 
Incandescenl lump, pansot. 303, 
Incandescent lamps, ii|irralii>ii i.>f, 30J, 
Incandescent lamps, smashing point. 

Incandescent lamps. Swan's work on, 

34- 
Incandescent light, first, 14. 
Inclined coil ammcier 34J. 
Indicator card ot steam etigine. 1 14, 
Indicator for jiower factor, 351. 
indoor wiring, oS, 
Inductance analogous to inertia, 71. 
Inductance C. G. S., unit of, 69. 
Inductance in electric circuit, 113. 
Inductance, mechanical analogy of, 63. 
Inductance, unit ot, 63- 
Induction coil, telephone, 36;. 
Induction, definition of, 84. 
Induction motor, 45. 



Induction 
I nduction 
Induction 
Induction 
Induction 
of, 269. 
Induction 
Induction 
Induction 
Induction 
Induction 
Induction 
Induction 
Induction 

Induction 
Inductive 
Inductive 



M, A. C, 267. 

ir applications, i^g. 

it curves. iSj. 

W tharutliTiili. s aSj. 

or, elevation and section 

>r, invention of, 41. 

>r meters, 349. 
motor, primar)-, 170. 
motor, principle of, 267. 

motor sjjecd control, 295. 

motor starting, iSi) 

motor, summary of history 
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Ine 

Inhere, 

In.^t:tl 

Insulating 

Insulating 

of, 82. 
Insulating 
Insulating 
Insulating 

Insulation 
Insulation, 
Insulation 
Instailatioi 
Insulation 



motor, view of, a68. 

reimnci. 16, m- 
■cirical analog)- of, 63. 
cgulation. 78. 
e of induction motor, 182, 283. 



lamps, problem in lesistanee 

; materials, 95- 
materiab, list of, 95. 
material, requirements for, 

ot armature cc«ls, 155. 

of uansf.irnicr coils, 95, 200. 

1 of transformers, 211. 

ot underground conductors. 



Insulation of wires, 95. 
Insulation on line conductors, 107. 
Insulators as targets, 106. 
Insulators, attaching conductors to, 

106, 
Insulators, construction of, 105. 
Insulators, Du Fay's enperiments with. 

Insulator, link type, 106. 
Insulator pins, 104, 105. 
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Instruments, application of electrical, 

Instruments, consumers, 330. 
Instruments, hot wire, 347. 
Instruments in power plants, 330. 
Instruments for measuring current, 331. 
Instruments for measuring e. m. f., 344. 
Instruments for measuring energy, 348. 
Instruments for measuring power, 347. 
Instruments for measuring quantity, 

342. 

Instruments, special. 350. 

Intellectual rise in electricity, 18. 

Intelligence, transmission of, 12, 29, 352. 

Intensity of magnetic field, C. G. S. unit 
of, 67. 

Intensity of magnetic field, unit of, 66. 

Intensity of field, definition of, 67. 

Intensity of illumination, 324. 

Interpole motors, 280. 

Insurance inspectors, 102. 

Iron as a conductor, 77. 

Iron, cast, composition of, 92. 

Iron, cast, curves of magnetic proper- 
ties of, 91. 

Iron, cast, permeability of, 89. 

Iron, cast, magnetic projx^rties of, 92. 

Iron, cast, strength of, 93. 

Iron compared with copi^cr, 77. 

Iron, gray, curves of magnetic prop- 
erties of, 93. 

Iron, improvements in magnetic qual- 
ities of, 82. 

Iron loss curve of alternator, 183. 

Iron loss in alternators, 184. 

Iron, specific resistance of, 81. 

Iron steel, applications as conductors, 

77. 78. 
Iron, summar\' of pro[)erties of, 82. 
Iron, temperature ccx'fTicient of, 81. 
Iron, wrought, in magnetic machinery, 

95- 

Jablochkoff candle, 34. 
Jacobi motor on car, 46. 
Jacobi, Moritz H., 43. 



Jacobi's motor, 43. 

Jacobi's motor, illustration of, 44. 

Jacks, telephone, 369. 

Joints, 103. 

Joule, C. O. S. definition of, 69. 

Joule, definition of, 61. 

Joule's law, 57. 

Kapp's alternators, 40. 

Kapp, Gisbert, 40. 

Kassel, power transmission at, 41. 

Kelvin Ixilancc, 333. 

Key, telegraph, 12. 

Kilowatt, definition of, 61. 

Kilowatt-hour, definition of, 61. 

Knife switch, 224. 

Knight, electric car, Bentley and, 

47- 
Knol)- and tube wiring, 109. 

Lamp, arc, 6. 

Lamp, development of the incandescent, 

33- 
Lamp, enclosed arc, 35. 

Lamp, incandescent, 5. 

Lamp, mercury vapor, 8. 

Lamp, Xemst, 35, 311. 

Lamp, vacuum tulxr, 78. 

Lamps, arc, 313. 

Lamps, application of electric, 320. 

Lamps, commercial electric, 303. 

Lamps, early arc and incandescent, 33. 

Lamps, fiaming arc, 35. 

Lamps, incandescent, 303. 

Lamps, manufacture of incandescent, 

30.V 
Lamps, mercury vapor, 320. 

Lamps, recent improvements in electric, 

35- 
Lamps, vacuum tulx*. 319. 

Lap or parallel winding for d. c. arma- 
tures, 172. 

Lap winding, batter\' analogy, 173. 

Lap winding, diagram of, 172. 

Lap windings, equi potential connec- 
tions in, 173. 
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LaufTen, power transmission from, 42. 

Laws of the magnetic circuit, 134. 

Leading e. m. f. or current, 120. 

Leakage, magnetic, 136. 

Leyden jar, invention of, 21. 

Lichterfeld, electric car at, 46. 

Life of incandescent lamps, 307. 

Lifting magnet, 131, 132. 

Light and illumination, 323. 

Light from arc lamps, 319. 

Light, intensity of, 326. 

Light, production of, 4. 

Light production, efficiency of, 324. 

Light, quantity of, 326. 

Light source, function of, 326. 

Light sources, power consumption in, 

325- 
Light sources, relative values of, 323. 

Light, units of, 326. 

Lighting, electric, 3^* 303- 

Lighting, electric, summary of develop- 
ment of, 50. 

Lighting load curves, 254. 

Lighting, protecting transformers from, 
201. 

Lighting of residences, 320. 

Lighting of streets, 321. 

Lightning arresters, 107. 

Lightning arrester connections, 221. 

Lightning arresters in power stations, 
220. 

Lightning arrester house, 109. 

Lightning arrester, shunted multi-gap, 
222. 

Lightning protection in power stations, 
219. 

Lightning, protecting lines from, 107. 

Lightning rod, 19. 

Lightning rod, invention of, 22. 

Limiting temperature rise, 185. 

Line construction, 104. 

Lines, protecting from lightning, 107. 

Link insulator, 106. 

Liquids as resistance materials, 74. 

Liquids as resistances, 80. 

Load curve, Detroit Edison Co., 254. 



Load factor, effect of in power stations, 

261. 
Load curve, effect of storage battery on, 

255- 
Load curve of Buffalo Railway Co., 254. 

Load curves of railway power station, 
256. 

Load curve of railway stations, 254. 

Load curves in power stations, 253. 

Load factor in power stations, 253. 

Locomotive, electric, "Benjamin Frank- 
lin," 47- 

Locomotive, Edison's electric, 46. 

Locomotive, the Ampere, drawing of, 

47- 
Locomotives, Field's electric, 46. 

Lodestone, early knowledge of, 18. 

Long Island R.R. Co. power station, 

233- 
Long Island R.R. Co. substation, 235. 

Long Island R.R. station, exciters in, 

234. 
Loop, drip, 103. 
Losses in c. p. transformer, cur\es of, 

208. 
Losses in c. p. transformers, 207. 
Losses in transformers, 200. 
Lowering transformer, 196. 
Lumen, definition of, 321. 
Luminescence, 45. 
Luminous efficiency of light sources, 

table of, 325. 
Luminalion of armature core, 153. 
Lux, definition of, 326. 

Magnesia, Province of, 18. 

Magnet, lifting, 131, 132. 

Magnetic ageing, 90. 

Magnetic and electrical quantities, fun- 
damental, 51. 

Magnetic brake magnet, 132, 133. 

Magnetic circuit, definition of, 130. 

Magnetic circuit, in the generator, 150. 

Magnetic circuit, laws of, 134. 

Magnetic circuits in street railway 
motor, 130, 131. 
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Magnetic field and current, reaction 

between, 53. 
Magnetic field, illustration of torque 

produced by, 87. 
Magnetic field intensity, unit of, 66. 
Magnetic field, pulling strength of, 134. 
Magnetic field strength, C. G. S. unit 

of, 67. 
Magnetic field strength, unit of, 66. 
Magnetic flux, 85. 
Magnetic flux density, 85. 
Magnetic leakage, 136. 
Magnetic leakage in transformers, 109. 
Magnetic material, characteristics of, 92. 
Magnetic materials, 73, 83. 
Magnetic materials, pro|x.*rties of, 88. 
Magnetic permeability, 85. 
Magnetic reluctance, 135. 
Ma:5netic retentiveness, 91. 
Magnetic units, problem illustrating, 

86. 
Magnetism, fundamental facts, 83. 
Magnetism, knowledge of, summar>' of 

development of, 50. 
Magnetite arc lamps, 35, 316. 
Magnetizing current in transformers, 

210. 
Magneto-electricity, 24. 
Magneto, excitation of, 135. 
Magneto-exciter, Wilde's, 38. 
Magnetomotive force, definition of, 84. 
Magnets, field of alternators, 160. 
Maintenance of |K)\ver stations, data 

on, 260. 
Manganin, 79. 

Manganin, specific resistance of, Si. 
Manganin, summarv of projH-'rlies of, 

83. 

Manganin, temi)erature c<x*n'icient of, 

81. 
Manholes, spacing of, 108. 
Manufacture of aluminum, 75, 76. 
Manufacture of copper wire, 75. 
Manufacture of incandescent lam[)s, 

SOS- 
Mariner's compass, 19. 



Mark's enclosed arc lamps, 35. 

Marks, L. B., 35. 

Materials, characteristic of magnetic, 

92. 
Materials, conducting, 73. 
Materials, dielectric or insulating, 73, 

97. 
Materials, electric properties of, 72. 

Materials for ammeter shunts, 335. 

Materials, insulating or dielectric, 95. 

Materials, magnetic, 73, 83. 

Materials of electrical engineering, 72. 

Materials, resistance, 73. 

Materials, properties of conducting, 

80. 
Materials, i)ro|x'rties of magnetic, 88. 
Maximum demand on jwwer stations, 

261. 
Maxwell, definition of, 85. 
M( Intire joint, 372. 
Measurements, electrical, 330. 
Mechanical mounting of generators. 

Mechanical jK>wer, distribution of, i. 

Mendenhall, Century of electricitv, 18. 

Mercury vajK)r lamp applications, 322. 

Mercur>' vaj^or lamps, 8, 320. 

Mesh -connected, 3-phase winding, 159, 
160. 

Mesh -connection of transformers, 213. 

Metallurgy, electric heat in, 329. 

Metallurgy of copj)er, 74. 

Meier for indicating iK)wer factor, 351. 

Meter for measuring fre(|uency, 350. 

Meters, commutator motor, 348. 

Meiers, induction motor, 340. 

Mica as a dielectric, 98. 

Mica for commutators, 174. 

Mil, circular, 80. 

Mild steel, curves of magnetic proper- 
ties, 93. 

Mil-f<H)i, 80. 

Miller, K.B. definition of telephone ex- 
change, 370. 

Milli-voltmclers, 346. 

M.M.F., coercive. 88. 
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M.M.F., demagnetizing, 88. 

Molding indoor wiring, 109, no. 

Moler, Anthony and, 39. 

Mordey's alternator, 40. 

Morse register, 353, 359. 

Morse register, original, 354. 

Morse, S. F. B., 29. 

Morse telegraph alphabet or code, 352. 

Morse's recording telegraph, 29. 

Motor applications, 298. 

Motor characteristics, 281. 

Motor counter — e. m. f., 287. 

Motor, Davenport's, 43. 

Motor, d. c, shunt and compound, 

273- 
Motor, electric circuit through a, iii. 

Motor, electric, summary of develop- 
ment of, 50. 

Motor excitation, 138. 

Motor, Farmer's, 44. 

Motor, first electric, 26. 

Motor, Fromant's, 44. 

Motor generators, synchronous, 298. 

Motor handling and control, 287. 

Motor, Henr}*s, 44. 

Motor, interjwle, 280. 

Motor, Jacobi's, 43. 

Motor, Pacconotti's, 44. 

Motor quantity meters, 344. 

Motor, repulsion, 45. 

Motor, scries, 44. 

Motor, shunt, 44. 

Motor speed control, 294. 

Motor starting, 287. 

Motor s|K'ed characteristics, 295. 

Motor, synchronous, mechanical an- 
alogy, 266. 

Motor, synchronous, starling a, 265. 

Motors and corres|X)nding generators, 
264. 

Motors, early electric, 43. 

Motors, electric, 263. 

Motors, induction, a. c, 45, 267. 

Motors, protecting against overload, 
301. 

[Motors, recent electric, 44 



Motors, series, a. c, 272. 

Motors, series, d. c, 277. 

Motors, synchronous a. c, 45, 265. 

Movable magnet amirieters, 337. 

Multi-gap lightning arresters, 221. 

Multiple arc lamps, 316. 

Multiple switchboard telephone, 370. 

Multiple-unit train control, 49. 

Multipliers for voltmeters, 346. 

Multi -voltage circuits for shop motors, 

296. 
Musschenbroeck, Peter von, 21. 
Mystery, summary of period of, 27 
Mystery, j^eriod of, 18. 

National Board of Fire Underwriters, 

102. 
National electrical code, 102. 
Nature of electric current, i. 
Needle telegraph, 29. 
Nernst lamp applications, 322. 
Nernst lamps, 35, 311. 
Neva, electric boat on, 43. 
New York City, electric locomotives in, 

47- 
New York, Sprague cars in, 48. 

Newton's electrical machine, 20. 

Newton, Sir Isaac, 20. 

Niagara Falls H. P. & M. Co. power 

plant, 241. 

Niagara Falls, power stations at, 240. 

Niagara Falls, |)ower transmission from, 

3. 4, 43- 
Non-arcing metals, 313. 

Non-conductors, Du Fay*s work on 

conductors and, 73. 

Non-magnetic materials, flux in, 85. 

Oerlikon Machine Works, 41. 
Oersted, Hans Christian, 24. 
Oersted's great discovery, 24. 
Ohm, C. G. S., definition of, 69. 
Ohm, definition of, 59. 
Ohm's law, 55. 
Oil-break switch, 224. 
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Oil-insulated transfi^rrm-rs, iqq. 

Oil in transformers, loc. 

Oils as dielectrics, lor. 

Ontario Power Co., lightning arrester, 

107. 
Ontario Power Co., transmission lines 

of, 34. i 

Open arcs, 318. 
O^xfn indoor wiring, loS, 100. 
0|x;ration and construction of power j 

stations, 217. 
Operation of electric generators, 17S. 
0|X?ration of incandescent la:nj)s, 307. 
0|K*ration of j)o\vi.r stations, 253. 
Operation of jxjwer stations, data on, 

260. 
Outdoor transmission circuits, 103. 
Over-compounding, 151. 
Over-corn p<:)unding, igo. 
Overhead lines, 104. 
Overload, protecting motors against, 

301. 
Oxygen generator, <). 

Paccinotti, 3S. 
Pacinotti's armature, 38. 
Paccinotti's electric motor, 44. 
Page, C. G., s^' 
Page's electric car, 46. 
Page's electric generator, 38. 
Paper as a dielectric, 99. 
Parallel operation of alternators, 188. 
Parallel or lap winding f<jr d. c. arma- 
tures, 172. 
Parallel ojxrration of <1. c. generators, 

194. 
Paris, early arc lighting in, 34. 
Patent, first on incandescent lamp, 33. 
Peaks in load curves, 253. 
Perirxl, definition of, 1 1 7. 
Period of commercial devel()j)m('nt, 18, 

28. 
Period of commt'nial flevclopment, 

.summar\' of, ^o. 
Period of scientific preparation, 18, k;, 
Pcritxi of mystery, 18. 



Peri(Kis of mystery and scientific prep- 
aration, summary of, 27. 

Permanent magnet ammeters, 331. 

Permanent magnets, high carbon steel 
for, 91. 

Permanent magnet ammeters, 336. 

Permanent magnet ammeters with mov- 
able coil, 338. 

Permeability, electrical analogy of, 88. 

Permeability, etTect of chemical com- 
jx^ition ufXDn, 88. 

Permeability, etTect of flux density ui)on, 
88. 

Permeability, etTect of physical treat- 
ment upon, 88. 

Permeability, magnetic, 85. 

Permeability of non-magnetic mate- 
rials, 86. 

Permeability, source of, 88. 

PhiLse ditTerence, 121. 

Phase displacement, 120. 

Phase transformation, 214. 

Phase-splitting devices, 291. 

Phase- wound secondary, 271. 

Phase- winding, use in starting, 290. 

Physical treatment, elTect upon per* 
meability, 88. 

Pig-tail brush connectors, 175. 

Pins, insulator, 104, 108. 

Pith-ball telegraph, 29. 

Pitch of coils in armature windings, 151. 

Pixii, Hyp|K)lytc, 38. 

Pixii's electric generator, 38. 

Plante, Gaston, 36. 

Plant^'s storage battery, 36. 

Plating, copiK-r, 37, ^S. 

Plugs, telephone, 361). 

Pole, alternator fiekl, numlKT of, 161. 

Pole line, 104. 

Pole stamping for d. c. generator, 1 76. 

Pole mounting of transformer, 212. 

Poles for transmission lines, 104. 

Pol's in d. c. generators, numlxT of, 

Poles spacing of, 104. 
Polypha>i* circuits, 121. 
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Polyphase circuits, balancing phases in, 

I'SS. 
Polyphase circuits, transformers on, 

213. 
Polyphase motors, 266. 
Polyphase motor starting, 289. 
Porcelain for line" insulators, 105. 
Porcelain as a dielectric, 98. 
Portable electro-dynamometers, 334. 
Power, A. C, 119. 

Power cur\'e of shunt motor, 284, 285. 
Power, C. G. S. unit of electric, 69, 
Power curve of induction motor, 282. 
Power diagram of the steam engine, 115. 
Power, electrical, 56. 
Power factor, 120. 

Power factor indicatoi or meter, 351. 
Power factor, problems in, 121. 
Power generation, electric, 38. 
Power, instruments for measuring, 347. 
Power station construction, examples of, 

226. 
Power station, telephone, 371. 
Power station of Cornell University, 

236. 
Power station of Niagara Falls H. P. & 

M. Co., 241. 
Power station, impulse wheel, 236. 
Power station characteristics, 253. 
Power station, Detroit Edison Co., 230. 
Power station economics, 258, 
Power station load curves, 253. 
Power station, Long Island R.R. Cp., 

233- 
Power station records, 258. 

Power station, Winona Ry. Co., 226. 

Power stations, instruments in, 330. 

Power stations, reciprocating steam en- 
gine, 226. 

Power stations, construction and opera- 
tion of, 217. 

Power stations, cost of operating, 260. 

Power stations, definition of, 217. 

Power stations, electrical auxiliaries in, 
219. 

Power stations, elements of, 218. 



Power stations, effect on load factor on, 

261. 
Power stations, electric generators in, 

218. 
Power stations at Niagara Falls, 240. 
Power stations, functions of, 253. 
Power stations, gas engine, 244. 
Power stations, hydro-electric, 236. 
Power stations, lightning arresters in, 

220. 
Power stations, load factor in, 253. 
Power stations, lightning protection in, 

219. 
Power stations, maximum demand on, 

261. 
Power stations, operation of, 253. 
Power stations, storage batteries in, 219, 

247. 
Power stations, source of power in, 218. 
Power stations, switchboards in, 219. 
Power stations, steam turbine, 230. 
Power stations, water turbine, 240. 
Power transmission, electric, 38, 41. 
Power transmission, examples of, 2. 
Power transmission, summar}- of de- 
velopment of, 50. 
Power, unit of electrical, 61. 
Practical system of units, 58. 
Preparation, period of scientific, 18, 

19. 
Priestly, historical work, 18. 
Primar}' cell, the first, 23. 
Primar>' coils of transformer, 196. 
Primary of induction motor, 270. 
Printing telegraph receivers, 361. 
Production of heat, 14. 
Production of light, 4. 
Properties of alloys, 78. 
Properties of conducting materials, 80. 
Properties of electric circuits, 70. 
Properties of electric circuits, 113. 
Proi)erties of dielectrics, electrical, 96. 
Properties of magnetic materials, 88. 
Properties of materials, electrical, 72. 
Protecting motors against overload, 301. 
Pulsating current, 113. 
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Quadruples telegraphy. ;c. 35 
Quantity, insiruir.cnis £'»r measuring, 

342- 
Quantity of eieciriciiy, C. G. S. unit of, 

6S. 

Quantity meters, electric motor, 344. 

Quantity meters, elcctrohtic, 345. 

Quantity, unity of electrical, 62. 

Queen Elizabeth, Vf. 

Radiation factor for coils, 142. 

Radiation, selective, 5. 

Railway load curve, 254. 

Railway motor, problem in resistance 
of, 82. 

Railway motor, view of, 277, 278. 

Railway motors, d. c, 277. 

Railway power station, typical load 
cur\-e, 256. 

Railway work, a. c. motors in, 273. 

Railways, a. c. transmission f<jr, 49. 

Railwa>'s, steel as a conductor in, 78. 

Raising transformer, 196. 

Rare metal filaments, 34. 

Rating incandescent lamps, 304. 

Ratio of transformation, 196. 

Reactance, definition of, 126. 

Reactance in motor starting, 292. 

Reactance, pn)blems in, 129. 

Reactance with sine wave of current, 
127. 

Reaction between current an<l field, 53. 

Reactive force l>etwfen current and 
magnetic field, 53. 

Receiver, telephoni*, 365, 3645. 

Receinng devices, ti-k*graph, 359. 

Recent electric motors, 44. 

Recent developments in electric trac- 
tion, 49. 

Recent imi)rovements in electric lam|)s, 

35- 
Reciprocating steam engine plants, 226. 
Recorder, si[>hon, 360. 
Records in ix)wer stations, 258. 
Rectifier, 150. 
^ Refining, copi^er, 10, 37. 



Refining of copper, electrohtic, 75. 

Register, Morse, 353, 350. 

Register, Morse telegraph, 2g. 

Regulator, constant current, 205. 

Regulator (constant current) vs. trans- 
former, 20 N. 

Regulators, batter>% 250. 

Regulation data of transformers, 207. 

Regulation, A. I. E. E. definitions of, 
179. 

Regulation, inherent, 17S. 

Regulation in electric circuits, 1x2. 

Regulation of alternators, 181. 

Regulation of alternators, data on, 182. 

Regulation of c. p. transformers, 206. 

Regulation of generators, 178. 

Regulation test, conditions for, 181. 

Relay, telegraph, 12,30. 

Reluctance, magnetic, 135. 

Repeaters, automatic, 355. 

Repeaters, telegraph, 354. 

Repulsion motor, 45, 273. 

Re()uisites for ammeter shunts, 336. 

Residence lighting, 320. 

Resistance, C. G. S. unit of, 69. 

Resistance, dielectric si^ecific, 97. 

Resistance, electrical, analogous to 
mechanical, 71. 

Resistance, experiment to illustrate, 54. 

Resistance in electric circuits, 123. 

Resistance materials 73. 

Resistance materials, alloys as, 74. 

Resistance of wire. Si. 

Resistance, sixrcfic, So. 

Resistance, unit of, 50. 

Retcntiveness, magnetic, 8S, 01. 

Revolving armature alternator, 152. 

Revolving field alternator, 152. 

Revolving field, view of, 162. 

Rheostats, temperature rise in, 1S5. 

Richmond, features of Sprague sv-stem 
in, 48. 

Richmond, Spragjue cars in, 48. 

Ring armature, 38. 

Ring armature, Gramme's, 39. 

Ringer, telephone, 365, 367. 
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Roasting of copper ores, 74. 
Rocker arm or ring, 175. 
Ro<l, lightning, 22. 
Room warming, electric, 328. 
Rotarj' converter, 197. 
Rotary converter, 197, 298. 
Rotating field, 267. 
Rubber as a dielectric, 98. 
Rupturing gradient, electric pressure, 
96. 

Saturation curve of alternator, 183, 
184. 

Saturation cur\'c of d. c. generator, 
191. 

Saturation in d.«c. field cores, 175. 

Schuckert's alternator, 40. 

Scientific preparation, period of, 18, 19. 

Scientific preparation, summary of 
period of, 27. 

Scientific work, exact, 22. 

Stott's data on jwwer station opera- 
tion, 260. 

Scrubber in gas plant, 246. 

Secondary coils of transformer, 196. 

Secondary or induction motor, 270, 
271. 

Section switches, 103. 

Selective radiation, 15. 

Self -excitation, conditions for, 140. 

Separate excitation, 139, 150. 

Series a. c. motor applications, 299. 

Series a. c. motor characteristics, 283. 

Series a. c. motor speed control, 295. 

Series a. c. motor starting, 292. 

Series a. c. motors, 272. 

Series arc lamps, 316. 

Series d. c. armature \vinding, 169. 

Series d. c. motor applications, 300. 

Series d. c. motor characteristics, 285. 

Series d. c. motor curves, 286. 

Series d. c. motor speed control, 297. 

Series, d. c. motor starting, 294. 

Series d. c. motors, 277. 

Series excitation, 151. 

Series field coil in d. c. generator, 177. 



Scries field coil, problem in size of 

wire for, 145. 
Series .motor, 44. 
Series motor, a. c, 49. 
Series transformer, 196, 202. 
Series transformer characteristics, 211. 
Series turns for compounding, 147. 
Series winding or excitation, 143. 
55ervice connection, overhead, 103. 
Shading coils on single-phase motors, 

290. 
Sheet steel, composition of, 95. 
Sheet steel, curves showing magnetic 

properties, 94. 
Sheet steel field cores, 163. 
Sheet steel for d. c. generator field 

cores, 175. 
Sheet-steel pole cores, reasons for using, 

163. 
Sheet steel, properties of, 94. 
Shell-type transformer, 197, 198. 
Short-circuit curve of alternator, 183, 

186. 
Short's electric car, 48. 
Shunt arc lamps, 317. 
Shunt d. c. motors, 273. 
Shunt excitation, 139, 150. 
Shunt field coil in d. c. generator, 176. 
Shunt field coil, problem in size of wire 

for, 143. 
Shunt field, size of wire for, 141. 
Shunt in ammeter case, 339. 
Shunt motor, 44. 
Shunt motor applications, 299. 
Shunt motor curves, 284. 
Shunt motor, elevation and section of, 

275- 
Shunt motor, parts of, 276. 

Shunt motor speed control, 296. 

Shunt motor starting, 292. 

Shunt motor, view of, 274. 

Shunted multi-gap lightning arrester, 

222. 

Shunts for ammeters, 335. 

Shunts, material for ammeter, 335. 

Shunts, recjuisites for ammeter, 336. 
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Siemens & Halske electric car, 46. 

Siemens* annaiure, 3S. 

Siemens' elecinxiynamomeier, 332. 

Siemens, Wemer, 38. 

Silver, Geiroan, 7Q. 

Silver voltameter, 343. 

Simplex telegraphy, 362. 

Sine curve and space alternator e. m. f., 

117. I 

Sine curve of cross-head velocity, 116. 
Sine waves, addition of, 12S. ' 

Single-phase circuit, 121. 
Single-phase motor starting, 290. j 

Siphon recorder, 360. . 

Siphon recorder, Cuttriss magnetic, 360. 
Siphon recorder, Thomson, 360. 
Six-phase circuit, 122. 
Slip curve of induction motor, 282, 283. ! 
Slip in induction motors, 268. 
Slot forms, alternator armature, 154. 
Slots in d. c. armatures, i6q. 
Smashing point of incandescent lamp>s, 

30Q. 
Smith forging iron in magnetic meridian, 

20. 
Soft core ammeters, 331. 
Soft drawn wire, 75. 
Soft iron core, ammeters with rotating, 

341. 
Soldering, electric, 36. 
Sounder, development of telegraph. 

Sounder, telegraph, 12, 353. 

Source of power in [wwer stations, 218. 

Sources of light, relative values of, 323. 

Special instruments, 350. 

Specific inductive capacity, 96. 

Specific resistance, 80. 

Specific resistance of dielectrics, 97. 

Specific resistances, tahlc of, 81. 

Speed charactcri>li( s of motors, 205. 

Speed control, motor, 204. 

Speed curve of induction motor, 282, 

283. 
Speed cur\'e of scries d. c. motor, 

286. 



Speed cur\-e of shunt motor, 2S4, 285. 

Speed, s>*nchronous, 265. 

Spherical candle power, 326. 

Sprague cars in New York, 48. 

Sprague, Frank J., 46. 

Sprague's electric car, 46. 

Sprague system, features of, 48. 

Squirrel -cage secondary, 271. 

Standardization code, extracts from 
A. I. E. E., 170, 185. 

Star-connected, 3-phase winding, 158. 

Star-connection of transformers, 213. 

Starr, J. W., 33. 

Starting box, motor, 292, 301. 

Starting motors, 287. 

Steam engine, alternating quantities in, 
114. 

Steam engine indicator card, 114. 

Steam engine plants, reciprocating, 226. 

Steam turbine plants, 230. 

Steel allo>-s, 95. 

Steel and iron, applications as con- 
ductors, 77, 78. 

Steel as a conductor, 74, 77. 

Steel, cast, composition of, 93. 

Steel, cast, cur>-es of magnetic proper- 
ties, 92. 

Steel, cast, for pole cores, 93. 

Steel, cast, magnetic properties of, 93. 

Steel, cast, permeability of, 89. 

Steel, cast, strength of, 94. 

Steel comj)ared uith copper, 77, 78, 

Steel, electrical or sheet, showing mag- 
netic projx?rties of, 94. 

Steel, electrical, j^roperties of, 94. 

Steel, high carbon, 91. 

Steel, mild, cur>'es of magnetic proper- 
ties, 03. 

Steel sheets, composition of, 95. 

Stei'l shwts, annealing of, 04. 

Steel sheets, properties of, 94. 

Steel, summary of properties of, 82. 

Stcinmetz flaming arc lam*p, 35. 

Steinmetz's law, 90. 

Steinmetz's summary of lightning dis- 
turbances, 21Q. 
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Steinmetz's work in dielectrics, 96. 

Step-down transformer, 196. 

Step-up transformer, 196. 

St. Joseph, Spraguc cars in, 48. 

Stock tickers, 361. 

Storage batteries, capacity of, 249. 

Storage batteries, depreciation of, 252. 

Storage batteries in power stations, 219. 

Storage batter>% 11. 

Storage battery, chemistry of, 249. 

Storage battery, effect on load curve of, 

255- 
Storage battery, functions of, 247. 

Storage batter>' handling, 251. 

Storage battery in power stations, 247. 

Storage battery, lead type, 248. 

Storage battery plates, buckling of, 252. 

Storage battery, principles of the, 247. 

Storage battery, the, 36. 

Storage of electricity, 21. 

Scott or T-connection of transformers, 
214. 

Straight line law in ammeters, 340. 

Strap winding for field coils, 160, 165. 

Street lighting, 321. 

Street railway motor, magnetic circuits 
in, 130, 131. 

Strength, dielectric, 96. 

Sturgeon, William, 26. 

Sturgeon's electro-magnets, 26. 

Subscriber's station, telephone, 367. 

Substation, Long Island R. R. Co., 235. 

Substations, definition of, 217. 

Sulphide ores of copper, 74. 

Summary of period of commercial de- 
velopment, 50. 

Summary of period of mystery, 27. 

Summary of period of scientific prepa- 
ration, 27. 

Superheater in gas plant, 245. 

Supervisory lamps, telephone, 369. 

Surgery, electric heat in, 329. 

Surges in transmission lines, 220. 

Swan, Sir J. W., 34. 

Swan's inventions in incandescent 
lamps, 34. 



Switch, knife, 224. 

Switch, oil break, 224. 

Switch, telephone, 365. 

Switchboard, Niagara Falk H. P. & M. 
Co., 242. 

Switchboard telephone multiple, 370. 

Switchboards, 223, 225. 

Switchboards in power stations, 219. 

Switchboards, telephone, 32, 370. 

Switches for transfer purposes, 224. 

Synchronizing alternators, 187. 

Synchronous a. c. motor applications, 
298. 

Synchronous motor characteristics, 281. 

Synchronous motor, mechanical anal- 
ogy, 266. 

Synchronous motor, principle of, 265. 

Synchronous motor speed control, 295. 

Synchronous motor starting, 288. 

Synchronous motor, starting a, 265. 

Synchronous motors, 45, 265. 

Synchronous speed, 265. 

Table of specific resistances and tem- 
perature coefficients, 81. 
Tantalum filaments, 34, 306, 307. 
Targets, insulators as, ib6. 
Telautograph, 364. 
Telegraph alphabet or code, Morse, 

352- 
Telegraph circuit, 12. 

Telegraph, duplex, 356. 

Telegraph key, 12, 

Telegraph line, first, 30. 

Telegraph, Morse's recording, 29. 

Telegraph, needle, 29. 

Telegraph, pith-ball, 29. 

Telegraph receivers, "printing, 361. 

Telegraph receiving devices, 359. 

Telegraph relay, 12, 30. 

Telegraph repeaters, 354. 

Telegraph sounder, 12, 353. 

Telegraph system, Wheatstone's, 29. 

Telegraph systems, early, 29. 

Telegraph, wireless, 362. 

Telegraphy, 352. 



I^^lcgtaphy, advaims in, 30. 
*^dcgraphy, auioraatic. 30. 
■'clegraphy, bridge duplex, 357. 
* tlegraphy, diffctential duplex, 356. 
Ttli-graphy, DupLci, 30. 
Telegraphy, Edison's invention in, 30. 
Telegraphy, quadruplei. 30, 358. 
Teltgraphy, simplex, 35J. 
Telegraphy, sunimaiy of devclopmeni 

Telegraphy, wireless, 31. 

Telephone "A" board, 370. 
Telephone "B"boanJ.3Jl. 
Telephone central offirci, 370. 
Telephone dislribuling circuiu, 37J. 
Telephone exchanges. 370. 
Telephone induction toil, 365. 
Telephone jacks, 369. 

Telephone plug^ 369. 

Telephone power plant, 371. 

Telephone receiver, 365, 366. 

Telephone ringer, 365, 367. 

Telephone subscriber's station. 367. 

Telephone supervisory lamps, 369. 

Telephone system, commun bnllery. 368. 

Telephone switch, 365. 

Telephone switchboard multiple, 370. 

Telephone swilchboaids. ji, 370. 

Telephone, the, 31. 

Telephone transfer system. 371. 

Telephone transmitter, 31, 363. 

Telephone trunk lines, 370,. 

Telephony, principles of, 3A5. 

Telephony, summary of development 
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Temperature 
Temperature 

81. 

Temperature coeRident, control of, 81. 
Temperstuic coefficient, use of, 143. 
Tempetature rise by resistance, 141. 
Temperature rise in alternator, 1S3. 
Temperature rise in transformer, curve 
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Temperature rise, limiting. 1S5. 
Tensile strength of magnetic Cield, t J4. 
Tcsls's induction motor, 41, 45. 
Testing incandestenl lamps, 304. 
Theory of Ewing, S4. 
Thomson balance. 333. 
Thomson inclined coil ammeter, 341. 
Thomson siphon recorder, 3<"o. 
Thomson watt -hour meter, 349. 
ThomsTn's icputsiiin motor, 45, 173. 
Thomson's summary of early power 



Thorium oxide, 7. 

Three-phase altemalor.curves of, 183. 

Three-phase armature winding, 156. 

Three-phase tranaformets, ii4. 

Thiec'phase transmission line, i>i. 

TickeiTi, stock. 361, 

Titanium blame n Is, 34. 

Toronto Exposition, electric car at, 47. 

Torque curve of series d. c. motor, i8j 



Tot<|ue in electric gener 






Towers, spacing of line, 106. 

Traction, early, 45. 

Traction, electric, recent development 
in. 49- 

Traction, electric, summary of devel- 
opment of, 50. 

Train control, multiple unili 4q. 

Transfer system, telephone, 371. 

Transfer switches, 314. 

Transformation from 2- 103-phase, 315. 

Transformation from 3- to Z'phase, 



Transfom- 



nfrora 



o 6-phasi 



Transformation from 6- to 3-phas 



Transformation, ratio of, iq6. 
Transformer characlerislics, 206. 
Transformer characlerislics, constant 

current, 211. 
Transformer characteristics, series, 211. 
Transformer coils, ■ijS. 
Transformer colls, insululion of, 95, 200. 
Transformer, constant current, 197, 303. 
Transformer, constant current, view of, 

Transtormtfr (constant currenl) vi. reg- 
ulator, 205. 

Transformer, constant polenlial, 196, 
197. 

Transformer conslniction, 195. 

Transformer core, 133. 

Transformer core loss current, 110. 

Transformer, core type, 197. 

Transformer cores, iqB. 

Transformer, curves of letnperature 

Transformer Deri's, -to. 
Transformer efficiency, »oS. 
Transformer efficiency, all-day, aio. 
Transformer efficiency, curve of, 109, 
Transformer eKitation, 137. 
Transformer, Gaulard and Gibbs, 40. 
Transformer heating, 2og. 
Transformer installation, ill- 
Transformer losses, curves of, 208. 
Transformer, lowering, 96. 
Transformer maencliiinf! current, 210. 
Transformer, mounting upon pole, 212. 
Transformer oil, too. 
Transformer, primary and secondary 

of, 196. 
Transformer, principles ot the, 195. 
Transformer, principles ot the modern, 

,96. 

Transformer, raising, 196. 
Transformer reRulalion, lofi. 
Transfonner TCgulation daui, 207. 
Tran?former, series, irj6, 102. 
Transformer, shell lyi*, 197, n>8. 
Transformer, step-down, 196, 
Transformer, sle]i-u]), 196. 



Transformer, the, 40. 
Transformer, Ihe first, 195. 
Transformer icnlilalion, aoo. 
Transformer, Weslinghouse, 40. 
Transformer ninding connections, 20a 
Transformer, Zijicmowski's, 40. 
Transformers and their applications, 

I9S' 
Transformers as fire risks, 113. 
Transformers, auto or single coil, 202. 

Transformers, delta or mesh connect 

lion of, ^- 
Transfiirnicrs, eicitiog cunent in c. p., 

109, 
Transformers from lightning, protect- 
ing, 20 [. 
Transformers, grounding ot neutral of, 

213. 
Transformers in motor starling. 289, 

192. 
Transformers, installation of, 104. 
Transformers, losses in, loo. 
Transformers, losses in c. p., 207. 
Transformers. maRntUi Iciikapc in, 199. 
Transformers, oil iruulated end air 

blast. 199. 
Transformers on polyphase circuits, 213. 
Transformers, 3-phase, 214. 
Transformers, ScoH- or T-connection of, 

214, 
Transformers, summary of cssentiall, 

199. 
TrTinsformers, temperature rise in, 185. 
Transformers, varieties ot, 196. 
Transformers, Y-o 
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Transmission al Kassel, 41, 
Transmission at Tclluride, 41. 
Transmission circuits, 103. 
Transmission, electric Jiower, 38, 
Transmission, electric power. 41. 
Transmission from Niagara Falls. 43. 
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Transmission line, 3-pha3C, 122. 
Transmission line, 2 -phase, 121. 
Transmission lines, iron and steel in, 

77- 
Transmissioa lines of Ontario Power 

Co., 3. 
Transmission lines, poles and towers 

for, 104. 
Transmission of intelligence, 12, 29, 

352. 
Transmission of poorer, summary of 

development of, 50. 
Transmission, summary of early power, 

42. 
Transmitter, Berliner's telephone, 32. 
Transmitter, telephone, 365. 
Transmitter, the telephone, 32. 
Trolley car climbing grade, 2. 
Trunk lines, telephone, 370. 
Tube lampKs, vacuum, 319. 
Tungsten, filaments, 34, 307. 
Turbine plants, water power, 240. 
Two-phase armature winding, 157. 
Two-phase, closed -coil winding, 15S. 
Two-phase transmission line, 121. 

Underground conduit at Cleveland, 47. 

Underground lines, 104. 

Underwriters, National Boanl of Fire, 
102. 

Underwriters* National Electric .Asso- 
ciation, 102. 

Units, fundamental, 59. 

Unit of capacity, 64. 

Unit of current, 51). 

Unit of electrical (quantity, 62. 

Unit of electrical cniT'^v', 61. 

Unit of electrical jwwer, 61. 

Unit of e. m. f., 5). 

Unit of induct ana*, 6^. 

Unit of magnetic field strength or in- 
tensity, 66. 

Unit of resistance. 5'). 

Units derived, 60. 

Units, definition of, 58. 

Units in the C. G. S. system. 67. 



Vacuum tube lamp, 7, 8. 
Vacuum tube lamp applications, 322. 
Vacuum tube lamps, 319. 
Van de Poele's electric car, 47. 
Va[X)r lamps, mercury, 320. 
Varieties of current, 112. 
\'arieties of transformers, 196. 
Varnishes as dielectrics, 100. 
V-curves of synchronous motors, 281. 
Velocity, sine curve of cross-head, 116. 
Ventilation of armatures, 160, 162. 
Ventilation of field magnets, 164. 
Ventilation of transformers, 200. 
Vertical steam turbine plants, 230. 
Volta, Alessandro, 23. 
Volta pile, invention of, 23. 
Voltameters, copper and silver, 343. 
Volt, C. G. S., definition of, 68. 
Volt, definition of, 59. 
Volt-ampere, definition of, 61. 
Volt-amf)ere -second, definition of, 61. 
Voltmeters as ground detectors, 223. 
Voltmeters, electrostatic, 344. 
Voltmeters, high resistance ammeter, 

346. 
Voltmeters, hot wire, 347. 
Voltmeters, mi Hi, 346. 
Voltmeter multipliers, 346. 
Von Hefner A he neck's alternator, 40. 

Warming, electric room and car, 36. 
Washer in gas plant, 246. 
Water-box, 80. 

Watt, C. (i. S., definition of, 69. 
Watt, definition of, 61. 
Watt-hour, definition of, 61. 
Watt-hour, meter Thomson, 394. 
Watt-second, definition of, 61. 
Wattmeters, 347. 
Wave of alternator c. m. f., 117. 
Wave winding, diagram of, 170. 
Wave winding for d. c. armatures, 

169. 
Waves, Hertzian, 31. 
Waxes as dielectrics, 100. 
Welding, electric, 329. 
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Welsbach gas mantk, 7. 
\Ve?iinghousc alternator, 40. I 

Wesiinghousc aitcmator, view of, 152. \ 
Westinghouse magnetic brake, 132, 133. . 
Weslinghouae traRsformer, 40. 
Weston, work on electric generator, 39. 
Weston ammeter, 33S. 
Wheatsione duplex, 357. 
Whcat5tone, Sir Charles, 29. 
Wheatstone's telegraph system, 29. 
Wheatstonc*s invention of self - ex citati o n, 

Wilde's magneto-exciter, 38. 
Windings for alternator armatures, 156. 
Winona Ry. Co., power station of, 

226. 
Wire, aluminum, 76. 
Wire gages, 83. 
Wire manufacture, copper, 75. 



Wire, resistance of, 81. 

Wire uble. Inside back cover. 

Wires, insulation of, 95. 

Wiring, indoor, 108. 

Wiring, Long Island R. R. Ca plant, 

235- 
Wireless telegraphy, 31, 362. 
Wireless telephony, 373. 
Wireless telegraph aerial, 363. 
Wireless telegraph coherer, 363. 
Wrought iron, in electrical machinery 

95- 

Yam as a dielectric, 100. 
Y-connected, 3-phase winding, 158. 
Y-connection of transformers, 213. 

Zipemowski's alternator, 40. 
Zipemowski's transformer, 40^ 
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